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AssTracT—F0ssils from Agate Fossil Beds National Monument in western Nebraska have been a rich source of paleontological
studies for many years. Fossil bird discoveries from the Monument have been far fewer than mammals and their reports have been
sporadic and scattered throughout the literature. Although less common than mammals, the paleoavifauna of the Monument is
very interesting in its level of diversity, ecological indicators, and from the perspective of historical biogeography aitd Old

New World representatives. The paleoavifauna has representatives from at least six families in four orders.

Promilio efferusis the earliest record for a kite in North
_ America (Brodkorb, 1964:274). Wetmore (1923:504) had ten-
I T HAs been more than ten years since I?E’Ck‘f’z{tively placeckfferusin the genu®roictinia Shufeldt (1915:
(19872:25) b:|efly reviewed the fossil birds of the “Agat§n1) from the late Miocene [latest Clarendonian or earliest
Fossil Quarries.” The specimens described herein were GQliyhijlian, Long Island local fauna, Phillips County, Kan-
lected in 1908 by field crews from the University of Nebraslgads; see Steadman (1981:171) for comments on age of Long
State Museum, but have never been identified or reported UpQ3q |ocal fauna]. Later, Wetmore (1958:2) decided that
until now. This collection includes the first record of a crangygictinia was more closely related to the Everglade Kite,
Gruiformes, and additional specimens of the fossil h&uk, gosirhamus sociabilisand thalP. efferuswas more like the
teo alesVetmore.Buteo typhoiusVetmore should be removedq, 4 world carrion eating kites in the geréivus Promilio

from the list of species from Agate. efferusis equivalent in size and is similar osteologically to

For historical accounts, the most comprehensive geolog!{;ecieS oMilvus. Wetmore (1958:3) placeefferusin the

data and the best paleoenvironmental interpretation for mﬁ)family Milvinae, but in a new genuromilio, based on
Monument and surrounding fossil localities are discussedd'grceived differenc’es. '

the works of Robert M. Hunt, Jr. (1972, 1978, 1981, 1985,
1990, and 1995) and Hunt and Skolnick (1996). Genus Bteo Lacepede, 1799 (hawks)

INTRODUCTION

SYSTEMATIC PALEONTOLOGY BuTteo TypHOIUS Wetmore, 1923

[An asterisk (*) indicates genera or species described from Holotype—AMNH 1754, distal two-thirds of the right
the Agate Fossil Beds. The classification sequence followegdsometatarsus missing the trochlea for Digit II; from the
below is that of the AOU Check-list"@&dition. The follow- Lower Snake Creek, Olcott Formation (early Barstovian), 23
ing acronyms are used: American Museum of Natural Hisiles south of Agate, Sioux Co., Nebraska.
tory, Department of Vertebrate Paleontology (AMNH); Referred materiak—HC 477, distal one half of the right
Carnegie Museum of Natural History (CMNH); Harold J. Codlibiotarsus, Agate Fossil Beds National Monument, Stenomylus
collection (HC); Museum of Comparative Zoology (MCZ)Quarry 1.5 miles east of Carnegie Hill and University Hill
Princeton University Geological Museum (PUGM) now at Yalguarries (referred by Wetmore, 1928:149).
University, Peabody Museum; University of Nebraska State Discussion—Buteo typhoiuss osteologically very simi-
Museum (UNSM)]. lar to its living congeners. Wetmore compaBdtyphoius
exclusively to the eastern Red-tailed Hawk,jamaicensis
borealis from which it can be distinguished by subtle osteo-
. logical differences and its much larger size (approximately 50
[Family AcciPTriDag percent; see Wetmore, 1923:485-492; 1928:149-150).
(kites, hawks, eagles, and allies) None the less, because of the disparity in age of the type
Subfamily AcciPiTRINAE locality of B. typhoius which is the Lower Snake Creek, early
(kites, hawks, and eagles) Barstovian, (see Becker, 1987b for the interesting history and
Genus ROM"}'O t\/&(:atmore 1958 insight into the age of the locality) and the age of the Monu-
(extinct kite) ment, late Arikareean, | do not thirik typhoiusoccurs at
PromiLio errerus(Wetmore) 1923 Agate. The tibiotarsus (HC 477) that Wetmore (1928:149)
Holotype—AMNH 6299, left tarsometatarsus missingeferred toB. typhoiusmost likely belongs to the next species
internal half of the shaft; Agate Fossil Beds National MonB- ales(Wetmore). Thereford. typhoiusshould be stricken
ment, Upper Harrison (late Arikareean), Sioux Co., Nebraskeam the Monument species list.

Order FRALCONIFORMES
(hawks, eagles, falcons, and allies)
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*BuTeoALES (Wetmore) 1926 white Hawk-eagle $pizastur melanoleuclus Spizastur
] melanoleucuss the smallest of the booted eagles, which are
Holotype—CMNH 1828, complete right tarsometatargqnsigered by Brown and Amadon (1968:22) to be “the most

sus; Agate Fossil Beds National Monument, Carnegie Hiljyh|y evolved members of the family and indeed of all birds
(Quarry No. 2).

) _ of prey.” They live in dense, humid evergreen, and
Referred material-UNSM 3001, hallux; UNSM 3002, gemigeciduous forests in Central and South America (Blake,

right humeral shaft; UNSM 3004, left ulna missing the oleg77. Howell and Webb 1995).
cranon; UNSM 3006, right femur, proximal end; UNSM 5782, ' ’

left ulna, distal one/quarter; UNSM 5783, right tarsometatar- Order G\LLIFORMES

sus, distal end missing trochlea of Digit 4; UNSM 5784, left (grouse, quail, turkeys, and allies)

tibiotarsus, proximal two/thirds; UNSM 5785, right tarsometa- Family QraciDAE

tarsus, distal one/quarter missing anterior half of trochlea of (curassows, guans, and chachalacas)

Digit 3; UNSM 5786, left humerus, distal end missing the Genus BREORTALIS

entepicondyle. (extinct chachalacas)
Discussion.—Buteo alé@/etmore, 1926:403) was a large *Species BREORTALISTANTALA (Wetmore) 1933

hawk. The length of the holotype tarsometatarsus, CMNH Holotype—HC 498, right tibiotarsus, distal end; Agate

1828, is 90.2mm with a distal width of 16.2mm. A hawk qf,sgj Beds National Monument, Carnegie Hill. (This speci-
this size is at the top of the size range for the eastern T is now in the AMNH collections).

tailed Hawk,B. jamaicensis borealiggiven by Friedmann Discussion—In the Neogene there are five species of bo-

(1950:239). With the identification and referral of the UNSWL 5| chachalacas in the getBareortalisBrodkorb (1964:304-
fossils toB. ales,the assignment of this speciesBoteois 305y Boreortalis (Brodkorb, 1954:180) is closely related to
affirmed. The ulna, UNSM 3003, may appear to be 00 l0gg|is the genus of living chachalacas found in southern
for this species (164.0mm), but is within reason when Sex"f%lxas through Central America and into South America
size dimorphism is taken inFo consideration for North Amer&BIake, 1977). It was Brodkorb's impression that chachalacas
can raptors (Snyder and Wiley, 197,6)' had a Nearctic origin and only during the Great American
Measurements of selected fossiballux (UNSM 3001) gjotic Interchange did they expand their range into South
length of cord = 24.0mm; ulna (UNSM 3004) length missingmerica. Although boreal today, the chachalacas from these

the olecranon = [164.0mm], proximal width = 15.2mm, digqorth American fossil localities would have been much more
tal width = 11.0mm, depth of external condyle = 11'3mrﬂ~opical to subtropical in nature.

mid-shaft width/depth = 7.1/7.2mm; ulna (UNSM 5782) dis-

tal width/depth of external condyle = 10.8/11.2mm; tibiotarsus Family RHAsIANIDAE

(UNSM 5784) width/depth across proximal articular surface (grouse, quail, and turkeys)

=13.5/17.5mm, length of fibular crest = 28.5mm, width/depth Subfamily TETRAONINAE

of shaft below fibular crest = 7.9/6.9mm; tarsometatarsus (grouse)

(UNSM 5785) distal width = 17.1, depth of trochlea Digit 4 = Genus RLAEALECTORIS

8.3mm, width of trochlea Digit 2 = 7.2mm; humerus (UNSM (extinct grouse)

5786) distal width missing entepicondyle = [21.0mm]. *Species RLAEALECTORIS INCERTUS Wetmore 1930
AccIPITRIDAE indeterminate Holotype—MCZ 2190, left humerus, proximal one/half

Wetmore identified three other fossils only to family ranfnd distal end with part of shaft missing; Agate Fossil Beds
with the following comments: HC 466, right ulna, proximaNational Monument. _ ,
end about the size of a caracaPalyborus (Wetmore, Discussion—This fossil grouse is between a Northern
1923:506); PUGM 12157, right tarsometatarsus, distal eR@PWhite, Colinus virginianus and the Spruce Grouse,
which resembles a Marsh Hawircus hudsoniugWetmore, De€ndragapus canadensim size. Wetmore (1930:152-153)
1923:507): and CMNH 2207, large claw somewhat smali§jought it similar to the Spruce Grouse, but only distantly
than a Golden EagléquilachrysaetogWetmore, 1926:406). relatgd. Today, the Spruce Groyse is a member of the boreal
| have not seen any of these fossils, but the right ulna (§BECI€S communityPalaealectorismay represent an ances-
466) which is the size of a caracara should be re-examiff 9rouse living in a subtropical environment before the di-

with the UNSM ulnae referred ®. ales chotomy we see todgy betweep boreal species Iik_g the Spruce
Grouse and the prairie grouse like the Greater Prairie-Chicken,
*GenusPalaeastur Tympanuchus cupido

*SpeciesPalaeastur atavu¥Vetmore 1943 Order Ge
rder GRUIFORMES

Holotype—HC 693, right tarsometatarsus, distal one/ (cranes, rails, limpkins, and their allies)

third; Agate Fossil Beds National Monument, Stenomylus Family GRuIDAE
Quarr_y. . _ _ (cranes)
Discussion—Wetmore (1943:230) likened this new ge- Genus and species indeterminate

nus and species of extinct hawk to the monotypic Black-and- ) , )
Referred materialmUNSM 3003, right ulna mid-shaft;
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UNSM 3005, right humerus, distal end; both are from Agatellowing curators, collection managers, and their institutions
Fossil Beds National Monument, University Hill, Universitffor helping me with loans of fossils and/or modern osteologi-
Quarry. cal specimens for this study: Robert M. Hunt, Jr. and R. George

Discussion—This right ulna (UNSM 3003) and humerugCorner, Nebraska State Museum, University of Nebraska; Larry
(3005) are the first crane fossils to be identified from the MonD- Martin and M. Desui, Vertebrate Paleontology Department
ment. Although fragmentary, the fossils are from a speciesanfid the late Robert M. Mengel, the late Marion Jenkinson,
crane approximately the size of the modern Sandhill Crafdchard Prum, and Mark Robbins, Museum of Natural His-
Grus canadensif.innaeus). It should be kept in mind, howtory, The University of Kansas; S. David Webb and Marc Frank,
ever, that in the late Clarendonian there is an Old World cradieision of Vertebrate Paleontology and David Steadman and
(Balearicg in Nebraska (Feduccia and Voorhies, 1992:24Tjpm Webber, Division of Ornithology, Florida Museum of
and the fossils from Agate may represent either of these crah&gural History, The University of Florida. | would like to
thank Linda D. Chandler, Dennis Parmley, William P. Wall,
and the editors for critically reading one or more manuscripts
and improving this paper.

Order GiARADRIIFORMES
(thick-knees, plovers, sandpipers, and their allies)
Family G.AREOLIDAE

(coursers and pratincoles) REFERENCES
Genus BRACTIORNIS Becker, J. J. 1987a. Neogene avian localities of North America.
(extinct pratincole) Smithsonian Institution Press, Washington, D.C.

1987b. Revision ofFalco” ramenta Wetmore and the
o Neogene evolution of the Falconidae. The Auk 104:270-276.

Holotype—MCZ 2191, left tarsometatarsus missing thgiake, E. 1977. Manual of Neotropical Birds, vol. 1 (Spheniscidae
intercotylar prominence; Agate Fossil Beds National Monu- (Penguins) to Laridae (Gulls and Allies). The University of
ment, Carnegie Hill. Chicago Press, Chicago and London. 674pp.

Discussion—Wetmore (1930153) origina”y named an@ROWN, L. anp D. Amabon. 1968. E{igles, Hawks and Falcons of the
described this new genus and species as the earliest representVorld. New York, McGraw-Hill, 2 vols., 945pp. _
tative of the modern oystercatchers, Haematopodidae. HEROPKOR P. 1954. A chachalaca from the Miocene of Florida.

) . Wilson Bulletin 66(3):180-183.
ever, Olson and Steadman (1978:972-976) have shown this RO .

. be the fi Id d for the OIld id . 1964. Catalogue of fossil birds: Part 2 (Anseriformes through
speqes to be the '_rSt New WQr record for the Wor Galliformes). Bulletin of the Florida State Museum, Biologi-
pratincoles (Glareolinae). Pratincoles are short-legged insect -5 sciences 8(3):195-335.
feeders, which feed on the wing much like swallows. Onggoyccia, A. ano M.R. Voorries 1992. Crowned Cranes (Gruidae:
again, we have a member of the paleoavifauna from Agate Balearicg in the Miocene of Nebraskim Papers in Avian Pa-
which is representative of a greater, worldwide avifauna still leontology (K.E. Campbell, Jr., ed.). Natural History Museum

in existence at the end of the Oligocene and into the early of Los Angeles County, Science Series No. 36:239-248.
Miocene. Friebmann,H. 1950. The Birds of North and Middle America. Part

11. United States National Museum, Bulletin 50. 793pp.
DISCUSSION HoweLL, S.N.G.anp S. Wess. 1995. A guide to the birds of Mexico
The fossil birds of the Agate Fossil Beds National Monu- and Northern Central America. Oxford University Press. New
ment are very interesting at several levels. First, they are in- York- 851pp. _ . _
teresting at an alpha taxonomic level as new genera and §p87: R-M., & 1972. Miocene Amphicyonids (Mammalia, Car-
. . . nivora) from the Agate Spring Quarries, Sioux County, Nebraska.
cies. Secondly, pwds are frequently used as environmental American Museum Novitates No. 2506.
indicators of certain habitats and to evaluate the health of the  ~197g  pepositional setting of a Miocene mammal assem-
environment. The birds from the Monument support Hunt's  pjage, Sioux County, Nebraska (U.S.A.). Palaeogeography,
interpretation of the paleoenvironment as an area with ephem- palaeoclimatology, Palaeoecology, 24:1-52.
eral stream channels, open plains, but with riparian areas alenrg—. 1981. Geology and Vertebrate Paleontology of the Agate
the streams. Thirdly, it is significant that the paleoavifauna Fossil National Monument and surrounding region, Sioux
represents a worldwide fauna, which only recently has been County, Nebraska (1972-1978). National Geographic Society
recognized at other important localities like Quercy, France; Research Reports, v. 13:263-285. =
Messel, Germany: Green River, Wyoming; and the Nazein 1985. I_:aun_al succession, I|th0fac_|es, and deposmonql en-
] . vironments in Arikaree rocks (Lower Miocene) of the Hartville
En.gland. Olsor,] (1989:2023-2029) has dUbbe,d this the 9|Obal Table, Nebraska and Wyominig, Fossiliferous Cenozoic de-
avifauna, of which our world today has only relictual distribu-  hogjts of western South Dakota and northwestern Nebraska.
tion patterns of that once cosmopolitan avifauna. Dakoterra v. 2(2):155-204.
. 1990. Taphonomy and sedimentology of Arikaree (Lower
) o Miocene) fluvial, eolian, and lacustrine paleoenvironments, Ne-
| would like to thank Robert M. Hunt, Jr. for giving me  praska and Wyoming; A paleobiota entombed in fine-grained
the opportunity and encouragment to work on these very in- volcaniclastic rock, pp. 69-11In Lockley, M.G. and A. Rice,
teresting fossils. | am also indebted to Vincent L. Santucci for eds., Volcanism and fossil biotas: Boulder, Colorado, Geologi-
allowing me the time and opportunity to submit this contribu- cal Society of America, Special Paper 244.

tion on the fossil birds of Agate. Much thanks goes out to the—— 1995. The Miocene carnivore dens of Agate Fossil Beds
National Monument, Nebraska: oldest known denning behav-

* Species RracTIORNIS PERPUSsILLUS(Wetmore) 1930
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A SYSTEMATIC REVIEW OF THE FOSSIL LIZARDS AND SNAKES
(SQUAMATA) FROM THE WHITE RIVER GROUP OF BADLANDS
NATIONAL PARK

DENNIS MADDOX*ano WILLIAM P. WALL 2
Department of Physiology, Medical College of Georgia, Augusta, GA 30901
2Department of Biology, Georgia College & State University, Milledgeville, GA 31061

AssTRACT—A general survey of the Squamata from the White River Group (37.0 to 26.9 MYA) from Badlands National Park is
presented. New specimens are examined and described. Life habits of the fossil taxa are inferred from comparison with close
living relatives where possible. Arboreal taxa are absent from the White River fauna. Since the Badlands region wast open fore
during much of that time, the absence of these taxa is probably the result of taphonomic bias. The reduction in herpetofauna
diversity in this region during the Oligocene is believed to be the result of increasing aridity rather than the declezatutem

This paper, first, attempts to clarify some of the system-
. atic confusion regarding the fossil lizards and snakes from
P‘LEONTO_LOG'STS Have collected vertebrate fossils fromy,e \white River Group preserved in Badlands National Park.
the sedimentary depOS,ItS of the Big Badlands in Soul:qng, hased on interpretation of the life habits of these or-
Dakota since the late 1800's. Cenozoic squamates, howeyghisms we hope to relate the herpetofauna to the habitats

because of their scarcity and fragmentary nature, have BoLiapie in the Badlands region during the Oligocene.
enjoyed a great deal of attention over the years. Leidy (1851),

Cope (1877), and Marsh (1890) were the first paleontologists STRATIGRAPHY AND PALEOECOLOGY

to extensively study fossil reptiles from the Big Badlands. After The rocks of Late Eocene through Oligocene age (37 - 27
more than one hundred years of study much confusion exisiflion years ago) bear the majority of vertebrate fossil mate-
regarding these fossil squamates. Part of this problem is dak(Clark, 1937; Clark, Beerbower, and Kietzke, 1967; Har-
to the misidentification of juvenile specimens as separate tadsaand Tuttle, 1977). The lowest unit of the White River
from adults of the same species. Other taxa were named wgttoup is the Chadron Formation. Deposition of this layer be-
out giving sufficient consideration to intraspecific variationgan during the Late Eocene time period, approximately 37mil-

INTRODUCTION

4
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lion years ago as determined®4r/*°*Ar dating (see Prothero, Holotype—American Museum of Natural History
1994 for stratigraphic columns). It is divided into the AheaiA\MNH 1610).
Member, the Crazy Johnson Member, and the Peanut PeakReferred Material—ACM 3900, left jaw fragment; GCVP
Member. Overlying the Peanut Peak Member of the Chad@iB0, partial skull and associated scutes; GCVP 2281, partial
is the Brule formation, and it is subdivided into the Scenskull; GCVP 2429, partial skull; GCVP 2589, jaw fragment;
Member, and the Poleslide Member. Overlying the Polesli@CVP 3015, partial skeleton and associated dermal osteo-
Member of the Brule is the Sharps Formation. Prothero (19%éutes; GCVP 3124, skull fragment and vertebrae; GCVP 3466,
recently established that the Arikaree Member of the Shapastial jaw with one tooth; GCVP 3483, fragmentary skull
Formation was deposited during the late Oligoceiibde and jaw; GCVP 4266, jaw fragment; GCVP 4267, cranial
Chadronian, Orellan, Whitneyan, and Arikareean land mastute; GCVP 4268, parietal scute; GCVP 4383, 2 dermal
mal “ages” were named from the White River Group. osteoscutes; SDSM 3189, complete skull with articulated der-
The Eocene/Oligocene transition was a time of greatal scutes and partial skeleton.
change throughout the world, in both climate and species di- Diagnosis—Gilmore (1928) lists the following as char-
versity (Clark, Beerbower, and Kietzke, 1967; Savage aadteristics ofPeltosaurus Seven teeth on premaxillary; 10
Russell, 1983). The general trend was a transformation fremeth on the dentary; parietal bone broad and flat; frontals
an early Eocene rain forest type environment to a climate tgetatly narrowed and united; postorbital and postfrontal coa-
was more like the modern arid semideserts (Prothero, 199d3ced; parietal in contact with squamosal; head and body cov-
Evidence from plant and marine fossils, and oxygen and cared with unkeeled, finely granular scutes.
bon isotopes indicates that a significant cooling trend began Remarks—Peltosaurusabbottiis generally accepted as
about 50 million years ago and continued through the Gdi-valid taxon because its skull is greatly convex and its ap-
gocene. Hutchison (1992) compiled a listing of all the lapearance is, as a result, drastically different from that of
Eocene through early Oligocene herpetofaunal taxa of NoRbltosaurus granulosus Recently, however, Sullivan (per-
America. He determined that the percentage of aquatic tax@al communication) has stated his opinion that the type
was decreasing during this time. specimen ofPeltosaurusabbotti was probably an aberrant
individual and, therefore, he considers the species invalid.

. i ) Age Distribution—Known; Chadronian through
The Georgia College & State University vertebrate pal@rixareean. Most abundant: Orellan.

ontology (GCVP) collection houses the majority of specimens  \1q4ern Relatives—Modern members of the family

studi.ed. Additional specimens from the South Dakota SCh%ngidae include the genefphisaurus(legless glass liz-
of Mines and Technology (SDSM) and The Pratt Museum glysy andserrhonotug“alligator” lizard). SinceOphisaurus

Amherst College (ACM) were examined. Recent squama[gs, jegless, burrowing lizard, it Gerrhonotusthat gives the
from the Georgia College & State University herpetology cqlgtier idea of the possible habits of peltosa@srrhonotus
lection (GCH) were used for comparative purposes. All maig-p rejatively slow-moving lizard with a prehensile tail. Its

rial is identified, described, and placed in the correct strafiat includes insects spiders, newborn mice, small snakes
graphic position. Interpretations of life habits and climatol 4 izards. It is restricted ma;inly {0 Texas. ’

ogy are based on analysis of fossil organisms, the depositional

sedimentology of the area in which the fossil was found (when Genus HLobermoiDEs Douglass, 1903
possible), and by comparing the fossil organism to modern HeLobERMOIDESTUBERCULATUS Douglass, 1903
relatives (when applicable). Relative abundance for each taxagptosaurus tuberculatuilmore, 1928

over time is based on specimens in the GCVP collection. Glyptosaurus montanuSilmore, 1928

All measurements were taken with Helios dial calipers @lyptosaurus giganteu&ilmore, 1928
0.05mm. Pictures oRhineura floridanaand Rhineura
hatcheriiwere taken using a Polaroid model 618091 Microcam, Holotype—Carnegie Museum Catalogue No. 707
an Olympus 20X binocular dissecting microscope, and a Dazor Referred Materia—GCVP 1256, dermal osteoscutes;
model 364 flexlight. These images were then scanned intG@VP 2121, dermal armor; GCVP 2132, 4 vertebrae; GCVP
computer and modified using Adobe Photoshop and lllust&it38, dermal armor; GCVP 3365, heavy cephalic armor;
tor software. GCVP 3991, dermal armor; GCVP 3992, dermal armor; GCVP
3999, dermal armor.

Diagnosis—Sullivan (1979) offers these characteristics
as diagnostic oHelodermoides frontals distinct; cephalic
osteoderms bulbous; tubercles numerous, usually without defi-
nite arrangement (rarely a ring pattern is found on body
osteoderms); six or seven rows of cephalic osteoderms between
orbits; teeth subconical, posterior ones slightly recurved; ju-
gal blade curved; maxilla straight; dentary moderately slen-
der; supratemporal fenestra closed; skull highly vaulted.

Remarks—The GCVP collection has a small sample of

MATERIALS AND METHODS

SYSTEMATIC PALEONTOLOGY

Order Suamata Merriam, 1820
Family Ancuibae Gray, 1825
Genus Brtosaurus Cope, 1873
PeLTOsAURUSGRANULOSUSCOpE, 1873
Peltosaurus abbottGilmore, 1928
Peltosaurus pigeGilmore, 1928
Peltosaurus floridanu§anzolini, 1952
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Glyptosaurine material. The only specimens that are avajlen. Parietal expansion was measured across the widest point
able are dermal osteoscutes (GCVP 6128, 6129, 6130, ahthe squamosals, skull lengths were measured from the mid-
6131) and a small portion of the cranial region of one ingieint of the occipital condyle to the anterior tip of the pre-
vidual (GCVP 6132). This material is tentatively identifiednaxillary. All of our skulls ofR. hatcherii are more

as Helodermoidestuberculatusbecause the cephalicbrachycephalic thaR. floridana The smallest difference in
osteoderms do not demonstrate concentrically arranged patios is between GCH 108nd GCVP 4068, 4.9%. If the

terns of tubercles. expansion of the parietal areaRn hatcheriiholds true for a
Age Distribution—Known; Chadronian through Orellan.larger sample size and a variety of age groups, this character-
Most abundant; Chadronian through Orellan. istic may be a useful diagnostic trait at the specific (or possi-
Modern Relatives—Same as foPeltosaurus bly the generic) level.

Age Distribution—Known; Orellan through Whitneyan.
Most abundant; Orellan.

Modern Relatives—Rhineurafloridana is the only ex-
tant member of the genus found in North America. Its body is
segmented like that of an earthworm, but is covered in scales.
This animal is adapted for burrowing and has no external eyes,
limbs, or ear openings. Its range is restricted to the Florida
peninsula where it lives in sand or soil and eats earthworms,
spiders, and termites.

Family RHINEURIDAE Vanzolini, 1951

Genus RiNeura Cope, 1861
RHINEURA HATCHERI Baur, 1893
Gilmoreia attenuatu§aylor, 1951
Lepidosternorsp Gilmore, 1928
Pseudorhineura minut&anzolini, 1951
Rhineura amblycepsaylor, 1951
Rhineura attenuatukstes, 1983
Rhineura coloradoensi&ilmore, 1928
Rhineura hatcheriBaur, 1893
Rhineura hibbardiraylor, 1951
Rhineura minutusilmore, 1938
Rhineura sternbergiWalker, 1932
Rhineura wilsoniraylor, 1951

Family BoipAe Gray, 1825
Subfamily ERvcinae Bonaparte, 1831
Genus @GLavaGrAs Cope, 1873
CALAMAGRAS ANGULATUS Cope, 1873
Ogmophis angulatu€ope, 1874

Holotype.—Princeton University, Yale Peabody Museum Holotype—American Museum of Natural History

(YPM-PU 11389). . . (AMNH 1654).
Referred Material—GCVP 2223, skull and jaws; GCVP " patarrad Materia—GCVP 1864, five articulated verte-

2224, partial skull; GCVP 2707, partial skull; GCVP 362855 poesiide Member of the Brule; 3410, two articulated
skull and jaws; GCVP 3686, skull and jaws; GCVP 39334 tabrae. Scenic Member of the Brule.
partial skull and jaws; GCVP 4068, skull and jaws. Diagnosis—The vertebrae dfalamagrasare character-
Diagnosis—A compact well-ossified skull, with pleuro-j,eq a5 having short, thick neural spines. The vertebral cen-
dont teeth lacking the postorbital and postfrontal squamoga ot calamagrasare less than 9mm. The neural spine is less
arches and eplpter.ygmd (Gilmore, 1928). , than one-half the total length of the centrum, but it is not
Remarks—Sullivan and Holman (1996) question whethe{,p,1ar or dorsally swollen (Holman, 1979).
Rhineurais the proper generic name for the fossil  pemarks Holman (1979) believed this poorly defined
amphisbaenids from the White River Group. We believe thgh, 5 poa-like snake might have had vestiges of hind limbs.
the fossil specimens show a definite affinity with thggjamagrasis a member of the Infraorder Henophidia, and
Rhineurinae. We do, however, recognize two differences b era| characteristics for this group include: neural arches
tweenR. hatcheriiandR. floridana First, the teeth oR. o3|l vaulted, condyles and cotyles usually round, foramina

floridana are less robust and more recurved than are thosg,gfia|ly |acking on either side of the cotyles, and hemal keel
R. hatcherii(Figure 1). Second, the parietal regions of ”}?oorly developed.

skulls of R. hatcheriandR. floridana appear to vary greatly Age Distribution—Known; Orellan through Arikareean.
with R. hatcheriihaving a visibly more expanded parietal réyqst abundant: Orellan.

Modern relatives—Calamagrasis similar to the living
North American generalLichanura and Charina
- — — (Holman,1979) L. trivirgata, the Rosy Boa, inhabits rocky

e ' i .-"f.. brushlands and deserts (Stebbins,1966). A burrowing snake,
Lo, - #f% r_j.-',f it is attracted to oases and permanent or intermittent streams
P r_#.-;' e .".:-'-j A - and feeds on .small mammals and bir@harina bottgethe
f’q E{Exi b ¢ -"I{‘,e-_. ¢~ _~ .+ Rubber Boa, is a good swimmer, burrower, and climber, fre-
! gy R - T - - __,ﬂ‘” guenting grasslands, woodlands, and forests. Itis usually found
L_f”:{'*' ._;_-'-__'.'-1-_; ;'.1 2w "-'3_%5:.--- - g under rocks, logs, or the bark of fallen trees, generally feeding

on small mammals and lizards.

Ficure 1—Oblique side views of skulls of Rhineura hatcherand
B, Rhineura floridanashowing differences in dental curvature.
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Coombs (ACM) for access to specimens in their respective

Genus GrivcoprisHolman 1976 collections. We also thank Ms. Rachel Benton of Badlands

GerNGoPHISVETUS HOIman, 1982 National Park for her extensive support of our research ef-
) ) forts. We both benefited greatly from discussions with Dr.
Holotype—University of Kansas (KU 49126) Dennis Parmley on the anatomy and systematics of fossil and

Referred Material—GCVP 3460, 2 associated vertebragecont squamates. Thanks are also due Dr. Robert Sullivan

Diagnosis—This erycine boid is distinct from the otheg, oviding us with useful insights on squamate identifica-
small boid genera found in the White River Group in thatih, ang systematics. We thank Ms. Linda Chandler for the
has a flattened shape and a long, high neural spine. Holfgagyings presented in Figure 1. We thank three anonymous
(1979) describe§eringophisas having a *... unique combi-o\iewers for their useful comments. Finally we thank Mr.
nation of vertebral characters of a depressed_neural ard?/'irﬁ:e Santucci for his enthusiasm and support for paleonto-
long, well-developed, dorsally swollen neural spine, and a diggca| research in the National Parks. This research was par-

tinct hemal keel and sub-central ridges.” tially funded by faculty research grants from Georgia College
Remarks—Geringophis vetuss the earliest occurrenceg, giate University.

of the genus&eringophisin the fossil record. It is quite inter-
esting because of the variation of its vertebrae from the nor- _
mal boid pattern. Sullivan and Holman (1996) state, “WhetteRk, J. 1937. The stratigraphy and paleontology of the Chadron
this genus arose fro@adurcoboalfrom the late Eocene of formation in the Big Badlands of South Dakota. Annals of the
France] and immigrated to North America from the Old World, Cargelg'e&'\:;:fxg Afszim}('i?zl& 1967. Oligocene sedi-

?r Or'gm?‘te%frr’m an erycme|b0|q Wltrll a ﬂatfer_ll_ed Verr:ebral mentation, stratigraphy, paleoecology, and paleoclimatology in
orm such as.alamagras angulatyss unknown". Two other the Big Badlands of South Dakota. Fieldiana: Geology Mem-
members of this genus are knpwn: Holman (1979) reorts  ojrs, Volume 5. Edward G. Nash (ed.).

depressudrom the Lower Miocene of Nebraska a® Corg E. D. 1877 (1978 Reprint). The Vertebrata of the Tertiary
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REASSESSMENT OF CHARACTERISTICS DETERMINING GENERIC
AFFINITY IN GOPHERUSAND STYLEMYSQTESTUDINIDAE) FROM
THE WHITE RIVER GROUP, BADLANDS NATIONAL PARK
WILLIAM P. WALL * axp DENNIS MADDOX?

Department of Biology, Georgia College & State University, Milledgeville, GA 31061
2Department of Physiology, Medical College of Georgia, Augusta, GA 30901

AssTrRACT—A review of the White River Group’s (37.0 to 26.9 MYA) land tortoises is presented. New specimens are examined
and described. The generic characteristic&opherus Hesperotestudaand Stylemysare reexamined. The specigtylemys
amphithoraxis declarechomen dubium Based on nuchal morphology, the common White River tortoises should be placed in
Gopherus Stylemyscould be retained as a fossil morphotype similar to modern gopher tortoises.

Hesperotestudas valid taxa in th&Vhite River Group.

The question of what tortoise genera are actually present

TORTO'SE sHELLs, family Testudinidae, are among th&, e \white River Group is the subject of this paper.
most common fossils in the White River rocks of Late

Eocene through Oligocene age (37-27 million years ago, see MATERIALS AND METHODS

Prothero, 1994 for stratigraphic columns) exposed in Bad- The Georgia College & State University vertebrate pale-
lands National Park. The lowest unit of the White River grogmtology (GCVP) collection provided the majority of speci-
is the Chadron Formation. Deposition of this layer begamens studied. Additional specimens from the South Dakota
during the Late Eocene, approximately 37 million years a§ehool of Mines and Technology (SDSM) were examined.
(Chadronian Land Mammal Age). Overlying the Chadron Modern tortoises from the Georgia College & State Univer-
the Brule formation, subdivided into the Scenic Membaity herpetology (GCH) collection were used for comparative
(Orellan Land Mammal Age) and the Poleslide Memb@urposes. The terminology of Zangerl (1969) is followed for
(Whitneyan Land Mammal Age) which is overlain by the loweurtle morphology (Figure 1). All material is identified, de-
Sharps Formation (Arikareean Land Mammal Age). scribed, and placed in the correct stratigraphic position.

The Eocene and Oligocene transition was a time of great All measurements were taken with Helios dial calipers to
change throughout the world, in both climate and species @5mm. The method used to express neural formulae is modi-
versity (Clark, Beerbower, and Kietzke, 1967; Retallack, 1998gd from Hutchison (1996). Neural shape is indicated by a
The general trend was a transformation from an early Eocenenber. For example, the number “6” indicates that the neu-
rain forest environment to a climate that was cooler and moatis hexagonal. Numbering begins with the first neural and
like modern semiarid regions (Prothero, 1994). ends with the eighth. Numbers are followed by a parenthesis.

Hutchison (1992) reviewed all herpetofaunal taxa in thn open parenthesis following the number indicates that the
late Eocene through early Oligocene of North America. Aftaeural is widest anteriorly. A closed parenthesis following a
comparing the stratigraphic variance in the number of genetanber indicates that the neural is widest posteriorly. A neu-
referable to terrestrial or aquatic habitats, he determined tratformula of 4(8)4(8)6(6(6(6( indicates that the first neural
the number of aquatic taxa was decreasing. Hutchison cisnguadrangular and widest anteriorly. The second neural is
cluded that the declining diversity of herpetofaunal taxa wastagonal and widest posteriorly, etc.
due in large part to the dwindling of aquatic environments.  The following characteristics were used in this study: shell

Hay (1908) listed five genera of tortois€®eochelong characters include nuchal dimensions, neural differentiation,
Gopherus HesperotestudoStylemys and Testudg in the costal alternation, positioning of the inguinal scale in relation
White River Group. He stated that the borders where the costalthe femoral scale, and the presence or absence of peripheral
and peripherals meet are more rounded or more weakly Istielge pits; cranial characteristics involve details of the pre-
tured in Gopherusand inStylemysthan inGeocheloneand maxillary ridge. Hay (1908), Auffenberg (1962), Bramble
Testudo However, such qualitative characteristics are oft¢h982), Hutchison (1996), and others use nuchal dimensions
difficult to interpret. The extent to which these sutures aas the primary means to differentiate among tortoise genera.
more or less strongly interlocked is difficult to definitively

. . . SYSTEMATIC PALEONTOLOGY
measure, but traditionally when the costal/peripheral inter- .
face is roundedStylemyr Gopheruss indicated. However, ~ Hutchison (1996) states th@opherushas a nuchal that

suturing of the costal/peripheral interface is not indicative 5 @S wide or wider than longHesperotestudbas a nuchal

generic affiliation. The most recent revision of these tortoisk@t IS “longer than wide,” anBtylemyshas a nuchal that is
“longer than wide.” We examined modern specimens of

(Hutchison, 1996) recognize@opherus Stylemys and o i i
Gopherus aggassizand found that all specimens, indeed,

INTRODUCTION
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Ficure 1—Generalized testudine carapaée C) and plastronR, D) illustrating bone and scale terminology respectively (from Zangerl,
1969).
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had a nuchal that was wider than long. We also examinedHksperotestudbas “costals moderately to distinctly alternately
fossil tortoises in the GCVP collection and found no reasonrtarrower and wider laterally”, arétylemydas “costals only
discontinue the use of this characteristic as a diagnostic falightly narrower and wider laterally”. We believe that quali-
tor. tative characteristics lead to the potential for overlap, and
Characteristics of the premaxillary ridge are of questiothereby increasing the probability of an erroneous identifica-
able value. All three genera of the Family Testudinidae knowan.
from the White River Group may have a median premaxillary Based on specimens in the GCVP collection that we rec-
ridge. Stylemyshas historically been accepted as differinggnize on independent criteria (primarily nuchal shape, see
from Gopherusin having a distinctive lack of the juncturediscussion above) as a single sped&spherus laticuneys
between the longitudinal premaxillary ridge and the mastiose found a wide range of variation in the degree of costal
tory ridges. In skulls of moder@opherus the point where alternation. The costals obviously alternate in some cases,
the masticatory ridges join with the longitudinal premaxillaryhile they alternate very little in other specimens.
ridge is exceedingly faint. We do not think it is practical to Bramble (1982) used the contact or lack of contact be-
try to distinguish fossil remains by a characteristic that is barélyeen the inguinal scale and the femoral scale to determine
observable when present in modern forms. Bramble (198@neric assignment of tortoise specimens. Hutchison (1996)
and Hutchison (1996) state th@bpherusmay occasionally stated thaGopherushas an inguinal scale, which is “moder-
have the median premaxillary ridge not joining the mediate to small but contacts FEM [femoral scale].” He also wrote
maxillary triturating ridge. Thus, the characteristic is spthatHesperotestudbas an inguinal scale, which is “enlarged
radic and useless in diagnosing specimens. anteromedially and may broadly contact FEM,” and that
Hutchison (1996) stated that the median premaxillaBtylemyshas an inguinal scale, which is “moderate to small,
ridge ofHesperotestudis reduced or absent. Qualitative chamever contact[ing] FEM”.
acteristics are confusing and overlap causes much guesswork.We examined modei@opheruspecimens and found that
We believe thaGopherusandStylemyshave the median pre-the shape of the inguinal scale is highly variable, but the con-
maxillary ridge, and that this characteristic is variable tact between it and the femoral scale was always present. This
Hesperotestudo character is usually not apparent in fossil tortoises. The en-
Neural shape is often used in determining the taxonontii@ inguinal and femoral scales are evident in only two of
placement of a tortoise specimen. Hutchison (1996) has deventeen specimens examined. These two specimens (GCVP
vised a useful method of describing these neurals (see ma@Biand GCVP 37) appeared to®epherus laticuneusxcept
als and methods), and he gives some neural formulae asffwi-the fact that there was no contact between the inguinal
lows: G. laticuneus6)6)4(6(6(6(6(6 or 4(8)4(6(6(6(6(6,scale and the femoral scale.
Gopherus sp 4(8)4(8)4(6(6(6 or 4(8)4(6(6(6(6(6, Based on examination of the fossil tortoises in the GCVP
Hesperotestudo brontopd(8)4(8)4(6(6(6, Stylemys collection, we believe that the contact, or lack thereof, be-
nebrascensi4(6(6(6(6(6(6(6 or 4(8)4(6(6(6(6(6. tween the inguinal scale and the femoral scale may be vari-
All GCVP specimens available have a neural formula able in all tortoises from the White River Group.
4(6(6(6(6(6(6(6(. If the neural pattern were the only defining Leidy (1851) reported the presence of peripheral bridge
trait then all testudines in the GCVP collection belong in tipéts in Stylemys nebrascensig-or many years the presence
genusStylemys Nuchal measurements, however, do not supr lack of peripheral bridge pits was used to distinguish be-
port this taxonomic assignment. The nuchal scales in alltekenStylemyandGopherus Auffenberg (1962) re-described
these specimens have a width greater than their length, a cBarlemys amphithoraxiting the absence of peripheral bridge
acteristic considered to be diagnosticGafpherus pits as one of the major distinguishing factors betwgen
We examined moder@opherusspecimens in an attemptamphithoraxandS. nebrascensis
to resolve this conflict. Modei@opherusspecimens have rela- Leidy (1851) originally describe@itylemysrom a speci-
tively indistinct neural shapes with the neural formula beingen that was about seven inches long and four-fifths com-
closest to 4(6)6(6(6(6(6(6(. The first neurals did not compastete. He reported that this specimen had a gap of one-eighth
well with the one shown by Hutchison (1996). Additionallypf an inch (approximately 3 mm.) between the peripheral and
the first costal in moder@opheruscontacts the second neu<ostal bones. Later, Hay (1908) retairgiglemysas a valid
ral. This condition is also true for all White River testudinegenus and described it as having ribs at the distal ends of the
in which this character can be observed in the GCVP collepstal plates which enter pits in the bridge peripherals. We
tion. believe the gap between the bones described by Leidy (1851)
Auffenberg (1964) stated that neural differentiation shouéthd Hay (1908) is an age variable trait and therefore not a
not be used as a diagnostic characteristic. It is evident,uasful diagnostic tool. Juveniles of some modern turtles (for
attested to by the fact th@opherusand Stylemyshave two exampleGeochelone radiajaexhibit a gap between the costal
different neural formulae each, that neural formulae are higlagd peripheral bones that is absent in adult specimens.
variable. We agree that neural differentiation has little diaghrough this gap, the ribs can be seen to insert into grooves
nostic value. along the peripherals. Our observations do not support Hay’s
According to Hutchison (1996%;0pherushas “costals (1908) belief that the insertion of the rib heads was along the
distinctly alternately narrower and wider laterally”bridges. All tortoise specimens in the GCVP collection which



WALL AND MADDOX—BADL, OLIGOCENE TORTOISES 11

TasLe 1—Comparison of characteristics distinguishing. shell; GCVP 36, complete shell; GCVP 37, complete shell

amphithoraxandS. nebrascensis and skeletal fragments; GCVP 43, complete shell; GCVP 3305,
_ , complete shell; GCVP 3501, complete shell; GCVP 3841,
S. amphithorax S. nebrascensis partial shell; GCVP 4118, complete shell; GCVP 4452, com-
*Lacks peripheral bridge pits *Peripheral pits present. plete shell; GCVP 4454, complete shell; GCVP 4456, com-
for reception of rib heads. plete shell.
*Length of posterior lobe of *Length of posterior lobe Diagnosis—Ernst and Barbour (1989) indicate that

Gopherushas a nuchal scute that is about as broad as it is

lastron equal to or greater of plastron less than . . . . )

P d _ 9 P , long and an inguinal buttress which joins to the sixth costal.

than length of bridge. length of bridge. According to Hutchison (1996)Gopherusdiffers from
#Thinner, more elongate shell. #Thicker, more rounded shell.  Stylemysn that the inguinal buttress contacts the femoral sul-
#Narrow and elongate cervical. #Broad and relatively short cervicalcus and the costals Gopherusare alternately wide and nar-
#Distinct lateral notch on #Weak lateral notch on row. HUtCh'Son. (1996) says that the first two neurals of

_— - Gopherusare widest posteriorly, and that the neurals of
Xiphiplastron. Xiphiplastron.

Gopherusnay be alternately octagonal or quadragonal or they

(*) indicates characteristics shown by Auffenberg (1964) to be juvenile or variable. may all be hexagonal.

(#) indicates characteristics that we believe are individually variable. Age Distribution—Known: Chadronian through
Whitneyan. GCVP Collection: Chadronian through
Whitneyan.

exhibit the gap between the peripherals and the costals showModern Relatives—There are three modern members of

a range of insertion points for the rib heads all along the &€ genusopheruggopher tortoises) found in North America.

ripherals, they are not confined to the bridges. These ards. agassizii G. berlandieri andG. polyphgmus
Auffenberg (1964) discussed the ontogenetic changes t(»l%’pst and Barbour, 1989). All seemto prefer areas with sandy

occur when observing bridge grooves/pitsGapherus He SOil and open scrub brush. All extant specieSapherusare

demonstrated that the presence of peripheral bridge pité;\%blvorous, anq their food prefe_rence.s include grasses, leaves,

entirely based on the age of the organism. We do not thitfvers (especially blossoms if available), and fruits.

bridge pits are a valuable diagnostic character. The weakrf@&ssiziiandG. berlandierj which both dwell in desert or

of this character places the validity $fylemysamphithorax near-desert environments, eat cacti.

(Auffenberg, 1962) in doubt since it was distinguished prima- DISCUSSION

rily from S. nebrascensisecause it lacked peripheral bridge 116 5 jists those characteristics we believe may have

pits. Other characteristics attributed So amphithoraxare diagnostic value for members of the Testudinidae from the

individually variable (see Table 1). This leageamphithorax yyite River Group. Comparative measurements are often used

with no uniql_Je cha_racteristics. We,_ the_refore, sugges_t the{b”ﬂistinguishGopherusfrom Stylemys We have previously
be synonymized witts. nebrascensieidy, 1851), which gaie4 our opinion that some of these measurements are of

has priority. _ . little diagnostic value. Our taxonomic assignment of the com-
Based on our analysis, all of the Badlands tortoises in t[g%n Badlands tortoises into the gex@spheruss based pri-

GCVP collection belong in the genG®pherus We believe -1y on nuchal dimensions because that characteristic ap-
the following classification best describes our tortoises froﬂéars to us to be the most reliable

the White River Group. Our interpretation of White River testudines raises the ques-

tion of the validity of the genuStylemysas a separate taxon
from Gopherus Both generic names are firmly entrenched in
the scientific literature. Which genus is better known depends
on the researcher’s field. Herpetologists are certainly more
familiar with the modern gopher tortoises in the genus
Gopherus On the other hand, paleontologists are probably
more familiar with the Badlands fossil tortoises which are typi-
cally placed in the genustylemys. Gopherus(Rafinesque,
1832) has priority oveBtylemyqLeidy, 1851), therefore if

the two genera are the same, the badlands tortoises should be
placed in the modern genus. We have tentatively adopted that
philosophy in this paper. We do, however, propose a possible
solution to this taxonomic dilemm&tylemysould be recog-

| . ¢ | Hi nized as a “chrono” genus in a manner similar to that for
Holotype—American Museum of Natural History o onaspecies in the paleontological literature.
(AMNH 1160)

Selected Reference Specimens: GCVP 1, nearly perfect

Order TEsTubiNesLinnaeus 1758

Suborder @vrrobirRaCope 1868

Family TestubinibAE Gray, 1825

Genus GrHerusRafinesque, 1832
Gopherus laticuneu€ope, 1873
Testudo laticune&€ope, 1873
Testudo quadratu€ope, 1884
Testudo thompsomiay, 1908
Testudo praeextarlsambe, 1913
Gopherus laticunegCope, 1873), Williams, 1950
Geochelone thompsoftiay, 1908), Auffenberg, 1963
Scaptochelys laticune@ope, 1873), Bramble, 1982



TaBLE 2—Potential diagnostic characteristics for the tortoise genera found in the White River Group.

Gopherus Hesperotestudo Stylemys
*Symphyseal groove *No symphyseal groove *Symphyseal groove
*Otolithic mass Nuchal *No otolithic mass *No otolithic mass
scale wider than long Nuchal scale longer than wide Nuchal scale longer than wide
*Phalangeal formula *Phalangeal formula 2-2-2-2-2 Phalangeal formula 2-2-2-2-2
2-2-2-2-1 or less
Premaxillary ridge present Premaxillary ridge may be present or absent Premaxillary ridge present
*Os transiliens present Os transiliens absent Os transiliens absent
*Caudal vertebrae with *Caudal vertebrae with inter- *Some caudal vertebrae lacking
interpostzygopophyseal notches postzygopophyseal notches interpostzygopophyseal notches

(*) Indicates characters not verified in this study and/or rarely observable in fossil tortoises (see Auffenberg, 1961).

the Big Badlands of South Dakota. Fieldiana: Geology Mem-
oirs, 5:1-158.
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A COMPARISON OF FEEDING ADAPTATIONS IN TWO PRIMITIVE
RUMINANTS, HYPERTRAGULU&ND LEPTOMERYXFROM THE
OLIGOCENE DEPOSITS OF BADLANDS NATIONAL PARK

WILLIAM P. WALL ano CHRISTOPHER M. COLLINS
Department of Biology, Georgia College & State University, Milledgeville, GA 31061

AssTrRACT—The craniodental morphology of two primitive Oligocene ruminatgpertragulus calcaratuandLeptomeryx evansi
was analyzed to determine the likely dietary habits of these sympatric species. Their craniodental morphologies were compared
to each other and to a variety of extant ruminants whose dietary habits are known. A variety of quantitative measungs, includi
hypsodonty index and relative premolar row length, were statistically analyzed. Ten qualitative characteristics wereiralso used
comparison.

Hypertragulusshowed overlap between browsers and mixed feeders for a variety of characters, but was most likely a mixed
feeder. Leptomeryxgrouped with browsers in almost all cases. It seems likely that these two closely related sympatric taxa
reduced competition by consuming different food resources.

INTRODUCTION lands National Park was 1,000 mm in the early part of the late
YPERTRAGULUSAND Leptomeryxare small, primitive, Eocene, 500-900 mm in the early Oligocene, and only 350-450
hornless ruminants belonging to the infraorder Tragulimam in the late Oligocene (Retallack, 1983).
that contains the families, Hypertragulidae, Tragulidae, and The fauna of this period was transitional between the
Leptomerycidae. The only extant members of this infraordengle-adapted fauna of the early Paleocene and the grassland
are the tragulids or chevrotains of southeastern Asfauna of today. Carnivores were more heavily proportioned
Hypertragulids are the most primitive of the three familieand there is no evidence of pursuit predators. Ungulates were
Leptomerycids actually share more derived traits with hornedcoming more cursorial, but were still shorter-legged and
ruminants than do the modern tragulids; therefore they &es cursorial than modern forms (Janis, 1993).
regarded as the most specialized of the tragulines (Webb and Retallack (1983) studied the paleosols in Badlands Na-
Taylor, 1980). tional Park. From this he identified three major habitats found
Hypertragulus calcaratuandLeptomeryx evansire two during deposition of the Scenic Member of the Brule (Orellan
of the most common taxa found in paleosols characteristiclaihd Mammal Age). These were stream-side swales with
savanna woodlands in the middle Oligocene beds exposetiénbaceous vegetation that was probably mainly grasses, gal-
Badlands National Park, South Dakotdypertragulusis not lery woodlands lining the streams, and savanna woodland with
found in younger beds, but other specieseftomeryxsur- scattered trees and intervening areas of bunch grasses, forbs,
vive until the middle Miocene (Emry et al., 1987). and small shrubs. Clark et al. (1967) and Retallack (1983)
This study was conducted with two purposes in mindurveyed the fauna from each habitat. They found that in the
First, to determine how much dietary overlap these two closeglgllery woodlands the predominant genera videsohippus
related sympatric taxa experienced. And second, to increasdMerycoidodorwhile the fauna of the savanna woodlands
our knowledge of leptomerycids, a group that could have giveilas predominantly Paleolagus, Leptomeryx,and
rise to the horned ruminants, the most successful large tertégsertragulus. Little data were collected on the near-stream
trial herbivores today. swales fauna, but according to Retallack, (1983), the aquatic
rhinocerodMetamynodomvas probably common (possibly re-

. . . o stricted to this habitat).
The middie Tertiary was a period of major climatic change.  Thg climate during deposition of the Scenic Member was

At the beginning of the Tertiary, during the Early Paleoceng,anging from humid and subtropical to subhumid and warm

the world was warm and equable with little latitudinal grad?émperate (Retallack, 1983). The dry season was becoming
tion. Broad-leafed deciduous forests adapted to regimes,fre severe and there were few flowing streams during the
seasonal darkness were found in the Polar Regions and %‘r’ﬁ?'season. The greater abundand@aifisseeds and increas-

tropical woodland extended to within polar confines. Palgy rarity of alligators also indicates that the climate was be-
ocene forests were denser and more closed-canopied thancmgng cooler (Retallack, 1983).

of the Cretageous (Erothgro, 1994). The thermal high point  Tha poleslide Member of the Brule (Whitneyan Land

and the maximum diversity of mammals are represented 34 nma| Age) contains numerous calcareous nodules indi-
the transition from the Early to Middle Eocene. Followingaing a more arid environment than during deposition of the
this period, a cooling and drying trend occurred (Janis, 19%qnic Member (Retallack, 1983). Few streams flowed per-
Prothero, 1994). Annual precipitation in the region of Ba%anently and the water table was generally below two meters.

PALEOECOLOGY AND GEOLOGY OF THE BRULE FORMATION
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The dry climate and sparse vegetation contributed to acceler-
ated sediment accumulation and ash preservation.

SYSTEMATIC AND ANATOMICAL REVIEW

Members of the suborder Ruminantia are typically divided
into two infraorders, the Tragulina and the Pecora. Webb and
Taylor (1980) consider the hypertragulids to be the most primi-
tive ruminants based on features foundHiypertragulus.
Primitive cranial features cited by them include an incom-
plete postorbital bar, an extensively exposed mastoid, the mar-
ginal position of the tympanohyal, and the primitive structure
of the petrosal. The premolars are also simple in that they
have no lingual elaboration, but it is not clear whether this is
a primitive condition or if they were secondarily simplified
(Janis, 1987).

The family Tragulidae includes two extant genera with B
four species (Nowak, 1991). Living tragulids occur exclu-
sively in the Old World and are most common in the subtropi-
cal latitudes. The fossil record of tragulids only extends back
to the Miocene. Webb and Taylor (1980) place them below J._*
leptomerycids due to the concave articulation of the malleolar - £
and calcaneum. The derived state of this articulation ifr
leptomerycids, gelocids and all higher ruminants is concavo-
convex. Tragulids also share with all other ruminants except
hypertragulids fusion of the trapezoid and magnum, absence
of the trapezium, loss of metacarpal |, an incomplete fibula
and a distinct malleolar. These features indicate that tragulids

diverged from the main lineage of ruminants after thf?GURE 1—Lateral view of the skull and jaws of\ Hypertragulus

Hypertragulidae. _ _ . and @), Leptomeryxmodified from Scott, 1940).
The most advanced traguline family is the

Leptomerycidae. Derived characteristics that separate them
from all other tragulines and ally them with higher ruminan[ﬁiS character is sexually dimorphic. The upper canines of

are. the. posterior position and narrow exposure of the mﬁﬁbtomerymere in contrast small and vestigial, but they prob-
toid, fusion of the magnum and trapezoid, reduction of met ('Eily protruded below the gum line (Scott, 1940; Webb and
arpals Il and V, loss of metacarpal I, a well developed mal

! . aylor, 1980).
olar, parallel ginglymi on each end of the astragulus, fuse In HypertragulusP! is a small, sharp pointed tooth with

metatarsals Il and 1V, and the reduction of metatarsals I a%?gimple crown and has two widely divergent roots. It is sepa-

Vto fused pro>_<|_mal rudiments (Webb a_nd Tf’;\ylor, 1980). rated by a diastema both anteriorly and posteriorly.inP
The dentition ofHypertragulusis simpler than Leptomeryxs lost (Scott, 1940)

Leptomeryx(Figure 1) and is considerably different except The premolars in the cheek teethHypertragulusare

for the molars, which are of the basic selenodont pattemsm]ple compared to those béptomeryx Both P and B are

both animals. The dental formulaldf/pertragulusis 0/3 1/ simple conical teeth. *Mas a weak protocone and lingual
1 4/4 3/3 and the dental formulalafptomeryxs 0/3 1/1 3/4 cingulum, making it triangular, and, Ras a weak metaconid

3/3 (Scott, 1940). and hypoconid, giving it a wedge-shaped appearantandP

h The lower |r|10|sorsddf-lypertragululsqare styhform W!thf P, are more elaborate than the other premolars and a small
the crowns spatulate and outcurved. The canine is incisiform - .o i is added to, PWebb and Taylor, 1980).

alrlld thz f_|rst Eremolarhtal;gs the .canlzzs place b_0th funhct| N The premolars in the cheek teethH_eptomeryxare more
ally and in shape. The first incisor lreptomeryxs muc complex. P has three labial cusps, a large paracone with

Ia}rger than the others. It is procumb.ent. an_d points alm@st,iier basal cusps anteriorly and posteriorSar@ Phave
directly forward. The second and third incisors are mu ong protocones in addition to the three labial cusps, with

smaller. The canine is incisiform and is closely appresse o] protocone forming a crescent oh A% and R have a

the third incisor. Pis isolated from the other teeth by a di|'Qaraconid, a tall protoconid, and a small hypoconid connected

astema Irl]l frogthand b?hmd' Itis (éanlnlfosr)moln shape bmﬂ? three longitudinal crests. 4 Ras a strong metaconid lin-

very shma} and has only one root ( COtt’ll 40). ib| gual to the protoconid in addition to the other three crests
The large upper canines difypertragu USWere possidly fo11nd on B. Leptomeryxremolars are more submolariform

used as defensive fangs. However, the canines do show afgn are those oHypertragulus The premolars of

nificant separation into two size classes, which could indiceﬁ?pertragulusshow little wear, while those dfeptomeryx
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often show considerable wear (Webb and Taylor, 1980). between the outer surfaces of the protoconid and entoconid.

The molars of botliypertragulusandLeptomeryxare of Relative premolar row length was determined by dividing the
the typical selenodont pattern, having four elongated cuspsemolar row length by the molar row length. Measurements
The molars oHypertragulusare somewhat higher crownedvere taken on the labial side of each series at the base of the
than those oEeptomeryxbut they are not hypsodont or evegrown. Relative muzzle width was determined by dividing
mesodont (Scott, 1940). The upper molatssptomeryxiffer the palatal width by the muzzle width. Palatal width was
from those ofHypertragulusby the presence of a strongmeasured as the distance between the second molars at the
mesostyle, which is absent Hypertragulus(Janis, 1987, level of the protocone, and muzzle width was measured at the
Matthew, 1908). The lower molarsloéptomeryxdiffer from junction of the premaxillary and maxillary bones.
those ofHypertragulusby the presence of tHealaeomeryx Statistical analysis of the data was calculated by Instat
fold. InLeptomeryxa small fissure separates the entoconulRl03. The test used to analyze the data was dependent on
and hypoconulid on Mposteriorly, while inHypertragulus sample size and differences in standard deviations between
they are united (Heaton and Emry, 1996). the groups being compared. Because the unpaired t-test as-

Hypertragulusfirst appears in the White River group irsumes equal standard deviations, this test was only used for
the Orellan and persists through to the end of the Whitneysais of data with equal standard deviations. When comparing
(Emry, 1978). a trait from a single species with the same trait of a group of

Retallack (1983) studied the paleosols found in Badlansisecies within a certain feeding type, the standard deviations
National Park, and found thidiypertragulusfossils were most of each group would not be expected to be equal. When this
abundant in deposits that were formed in savanna woodlandsurred, the Mann Whitney test was used. This test checks
that probably developed in broad floodplains adjacent far significant differences between the medians of the groups
streams. Root traces and the nature of the paleosols indich&idg analyzed and makes no assumptions about their stan-
that they supported abundant herbaceous ground cover w#hd deviations. This test was used to identify significant dif-
well-spaced and only weakly clumped tre€eltisseeds are ferences betweeHypertragulusand Leptomeryxand the
also found in these paleosols, giving further evidence of treemdern forms.

The genud.eptomerysncludes seven species (Emry and Measurements for relative muzzle width for all modern
Heaton, 1996). Some of the more primitive forms are placedims were taken from Janis and Ehrhardt, (1988). Accord-
in the genudHendryomeryxby some workers (e.g., Black,ing to them, only grazers could be distinguished from other
1978; Storer, 1981). The type species for this genls isfeeding types with a high degree of confidence, but mixed
evansj which is common in Orellan deposits in the Gredteders in open habitats usually have the narrowest muzzles.
Plains, and is apparently the only specidsagtomeryxound Several qualitative characteristics were also used to dis-
during the Orellan. There was greater diversity in Chadronitimguish feeding types. These included 1) massiveness of the
forms, and they are found in deposits ranging fromuzzle, 2) length of Fiversus M, 3) height of the molar
Saskatchewan to Texas (Emry and Heaton, 199®psal pillars, 4) morphology of the central cavities of the mo-
Leptomerycids survived until the middle part of the Miocentars, 5) size of the maxilla in lateral view, 6) presence or ab-

According to Retallack (1983),eptomeryxfossils are sence of a prominent protuberance aboveMithe position
most common in the same type of deposits as those whafr¢he orbit, 8) relative size of the ridge below the orbit, 9)
Hypertragulusare the most common, but in greater abundancelative size of the coronoid process, and 10) the shape of the
In addition to these near stream savanna woodland deposisitral and posterior rims of the dentary.

Leptomeryxemains are also common in savanna woodland Individual molar and premolar lengths were used to de-
deposits that were not associated with streams. termine if a size difference existed betwesmpertragulusand
Leptomeryx.An unpaired t-test was used to determine if the

) .. size difference was significant for.dnd M, and the Mann
Craniodental measurements were taken on both fossil gffliiney test was used to test for significant differencesin M

recent specimens. With the exception of specimen numbgpis (1995) provides a thorough review of the reliability of
SDSM 3083 on loan from the South Dakota School of M'neéomparing fossil and modern taxa.

all fossil specimens used in this study are housed in the Geor-
gia College & State University Vertebrate Paleontology col- RESULTS
lection (GCVP). Modern forms used for comparison are housed Table 1 summarizes the data obtained for hypsodonty
in the Georgia College & State University Mammal collectioimdex for each group measurddlypertraguluscould not be
(GCM). Measurements were taken with Mitutoyo calipedistinguished from high level browsers (p=.090), unspecialized
accurate to within 0.05 mm. browsers (p=.178), and mixed feeders in closed habitats
The craniodental indices used were hypsodonty ind€p=.467). Hypertraguluss significantly more hypsodont than
relative premolar row length, and relative muzzle widtlselective browsers are (p=.026), and significantly less hyps-
Hypsodonty index was determined by dividing the height oflont than mixed feeders in open habitats (p=.005), and graz-
Ms by its width. Height was measured from the base of thes (p=.036). The Mann Whitney test was used to calculate p
crown to the tip of the protoconid on teeth that were fullyalues for all groups except high level browsers and
erupted and showed only slight wear. Width was measurgtspecialized browsers, whose p value was found using the

MATERIALS AND METHODS
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TasLe 1—Median, mean, and range of hypsodonty index for ea@hsLe 2—Qualitative characteristics observedHygpertragulusand

group measured. Leptomeryx.
n Median _ Mean Rnge _Characteristic Hypertragulus Leptomeryx
Hypertragulus 2 2.15 2.15 2.12-2.17 Muzzle massiveness browser or browser or
Leptomeryx 7 1.67 1.67 1.62-1.72 mixed feeder mixed feeder
High level browsers 5 132 1.45 1.18-2.23 Length of Mversus M browser browser
Selective browsers 3 larz 150  1.30-1.72 \olar basal pillars browser browser
huﬂ?f:(fgﬁ'si}edd ht;rt())i\;\zlistgrs fg i'gg ;'8‘71 1?3533 Molar central cavities browser browser
Mixed open habitats 37 3.90 390  212-530 oi2€ of maxilla browser browser
Fresh grass grazers 7 3.59 3.39 2.35-4.05 Promlnence at.’o"e M - browser
Grazers 9 4.87 487 3 77.6.12 Position of orbit browser browser
Size of ridge below orbit grazer browser
Size of the Coronoid Process mixed feeder browser
unpaired t test. There was not a large enough sample siz8hape of the dentary mixed feeder browser?

calculate a p value using the Mann Whitney test and the stan-

dard deviations were not equal so an unpaired t test could not

be used to test for a significant difference betweemss tharHypertragulus The large coronoid process in
Hypertragulusand fresh grass grazers. Leptomeryxwould indicate that the temporalis muscle and

Leptomeryxcould not be distinguished from high levetherefore the orthal retraction phase of the chewing cycle were
browsers (p=1.06), selective browsers (p=.383), amtbre important in this animal than Hypertragulus The
unspecialized browsers (p=.121)eptomerys significantly ventral rim of the dentary éfypertraguluss like that of mixed
less hypsodont than mixed feeders in closed habitats (p=.01€3ders in that it is concave and thin lateromedially. The ven-
mixed feeders in open habitats (p=<.0001), fresh grass gtaal rim of the dentary ofeptomeryxs fuller and more like
ers (p=.0006), and grazers (p=.0002). The Mann Whitney tdsdt of browsers. The posterior rims of the dentaries of both
was used to calculate all p values. Hypertragulusand Leptomeryxare concave like those of

Hypertragulusis significantly more hypsodont thanbrowsers.

Leptomeryxvith an unpaired t test p value of <.0001. There There was a significant size difference between
was not a significant difference between the relative premolypertragulusand Leptomeryx with Hypertragulusbeing
row length of the browsers and mixed feeders that were meaich smaller. The mean length of, M Hypertragulusis
sured (p=0.1075). 5.09 mm and the mean length of &fiLeptomeryxs 6.53mm.

The mean relative premolar row length farptomeryx The unpaired t test p value is <0.0001. The mean length of
was .917 and the median was .915. This was not significarily of Hypertraguluss 5.35 mm and the mean length of &f
different (p=.257) from browsers whose mean relative premceptomeryxs 6.78mm. The unpaired t test p value is <0.0001.
lar row length was .859 and median was .82Zptomeryx The difference in standard deviations betwegmik too large
had a significantly longer relative premolar row length thao calculate a p value using the unpaired t test. The Mann
mixed feeders (p=.002) whose mean was .734 and medihitney p value was significant at <0.0001.
was .762. DISCUSSION

Table 2 lists the qualitative characteristics observed in

Hypertragulusand Leptomeryxand whether they are more The molars inHypertragulusare significantly higher
like browsers or grazers in these features. crowned than those ibeptomeryx (Table 1), however, nei-

The lengths of Mland M were both browser-like in that ther falls into the range required for hypsodonty (Janis, 1988).
they were approximately equal in battypertragulusand The crown height for both taxa falls into the mesodont range

Leptomeryx The molar basal pillars are also browser-like ifi€Ptomeryxt the low end andlypertragulusin the middle).

that they are small and do not reach the occlusal surface. THE Crown height iHypertragulusgroups it with high level

molar central cavities are also browser-like, being simple cre3{gWsers, unspecialized browsers, and mixed feeders in closed

with no complex folding. habitats. The crown height exhibited bgptomeryxgroups
In lateral view (Figure 1), the size of the maxilla irlt plearly with the browsers (no overlap with either group of

Hypertragulusand Leptomeryxis small like modern brows- Mixed feeders).

ers. There is no maxillary protrusion like that often found in HYPertragulusgroups with mixed feeders such as
grazers in eitheHypertragulusor Leptomeryx. Antilocapra the North American pronghorn, aBdselaphus

The position of the orbit in bothlypertragulusand the Indian nilgais, with regard to relative premolar row length.
Leptomerysxs browser-like in that it starts above? M both. L€Ptomeryxhas a premolar row length typical of modern

In Hypertragulusthe zygomandibularis leaves a pronouncdfOWsers. o _
ridge on the zygomatic arch like that found in grazers. |n A comparison of the qualitative characters examined
Leptomeryxthis ridge is small and browser-like. (Table 2) reveals thdteptomeryxis browser-like in almost

Leptomeryxhas a relatively more massive coronoid prdi-" traits, whileHypertragulusshares some traits with brows-
ers and others with mixed feeders. Relative muzzle width is
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not significantly different irHypertragulusandLeptomeryx

259.

The narrow muzzles of both taxa clearly indicate they are f@trK, J., J. R. Bersower anp K. Kietzke. 1967. Oligocene Sedi-
like modern grazers in this feature. The relatively larger coro- mentation, Stratigraphy, Paleoecology and Paleoclimatology in

noid process on the lower jaw loéptomeryxndicates orthal

retraction, the food acquisition phase of mastication, took mare.

effort in this animal than iypertragulus This distinction
could indicateHypertragulusvas more selective in its dietary

the Big Badlands of South Dakota. Fieldiana: Geology Mem-
oirs. 5:1-158.

v, R. J. 1978. A New Hypertragulid (Mammalia, Ruminantia)

From the Early Chadronian of Wyoming and Texas. Journal of
Paleontology. 52: 1004-1115.

habits tharL.eptomeryx The angular shape of the lower jaw.— | s. Russell, and P. R. Bjork. 1987. The Chadronian,

in HypertragulusandLeptomeryxs clearly different (Figure
1). Hypertragulusis more like that of primitive artiodactyls,

Orellan, and Whitneyan North American Land Mammal Ages.
In: Cenozoic Mammals of North America (M. O. Woodburne,

possibly indicating a more generalized jaw muscular pattern. €d.). University of California Press. Berkeley. Pp. 118-152.
Leptomeryxhas a relatively full and thick mandibular angl&'EAToN, T.ano R. J. Biry. 1996. Leptomerycidae. In: The Terres-
indicating a more specialized jaw muscle arrangement. This [r'al Eocene-Oligocene Transition in North America (D. R.

. . . . Prothero and R. J. Emry, eds.). Cambridge University Press.
trait would therefore imply a more specialized feeding pattern Cambridge. Pp. 581-608.
for Leptomeryx

L . . Janis, C. M.. 1987. Grades and Clades in Hornless Ruminant Evo-
Based on their similar body size and anatomical traits, |ytion: The Reality of the Gelocidae and the Systematic Posi-

the closest modern analog felypertragulusappears to be tion of Lophiomeryxand Bachitherium. Journal of Vertebrate
Moschusthe Asiatic musk deerMoschushas a varied diet Paleontology. 79(2): 200-216.
consisting of grass, moss, twigs, and other leafy materdal—. 1988. An Estimation of Tooth Volume and Hypsodonty
(Nowak, 1991).Leptomeryxon the other hand compares most  Indices in Ungulate Mammals, and the Correla_tlt_)n of These
favorably to the moderRudy the South American pudu, and Factors with Dietary Preference . IN: Teeth Revisited. (D. E.
Tragulus the Asiatic mouse deer. The pudu is a generalist Russell. J. P.Santoro, and D. Sigogneau-Russell, eds.). Mem-
- . oirs de Museum National dHistoire Naturelle. Paris. 53: 367-
browser and the mouse deer is a selective browser (Nowak

99 ' 387.
1991). . 1993. Tertiary Mammal Evolution in the Context of Chang-

CONCLUSIONS ing Climates, Vegetation, and Tectonic Events. Annual Review

. . .. of Ecology and Systematics. 24: 467-500.
. Anal_yS'S Of,thef craniodental morphology of these PriMi=____ 1995, Correlations Between Craniodental Morphology and
tive ruminants indicates th&typertraguluswas probably a Feeding Behavior in Ungulates: Reciprocal lllumination Be-
mixed feeder andleptomeryxwas a browser. These small  tween Living and Fossil Taxa. IN: Functional Morphology in
herbivores were clearly sympatric spatially and temporally Vertebrate Paleontology. (J. J. Thomason, ed.). Cambridge
during much of the Orellan. Based on the results of this study, University Press. Pp. 76-94.
however, it would appear that these two taxa did not overkap's, C. M.,anp D. EHrHARDT. 1988. Correlation of Relative Muzzle
significantly in food requirementsHypertragulusdoes not Width and Relative Incisor Width with Dietary Preference in

appear in the fossil record after the Whitneyan. Whether Ungulates. Zoological Journal of the Linnean Society. 92: 267-

Leptomery)@le}yed an indirect role in the. termmatlor.] of th‘RAATTHEw, W. D. 1908. Osteology @&lastomeryxand Phylogeny of
Hypertragulusineage could not be determined from this study. the American Cervidae. Bulletin, American Museum of Natu-
Based on their success through the middle Miocene it would 5| History. 24: 535-562.

appear that leptomerycids were well adapted to a browsijgwak, R. M. 1991. Walker's Mammals of the World. Johns
mode of life. Questions regarding the adaptive radiation of Hopkins University Press, Maryland. 1629 pp.

the horned ruminants should consider the browsing modePeftHerg D. R. 1994. The Eocene-Oligocene Transition. Colum-
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PALEOECOLOGICAL IMPLICATIONS OF THE CRANIODENTAL
AND PREMAXILLA MORPHOLOGIES OF TWO
RHINOCEROROIDS (PERISSODACTYLA) FROM BADLANDS
NATIONAL PARK, SOUTH DAKOTA
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AssTrRACT—ANalysis of the craniodental and premaxilla morphologies suggests differing feeding strategies for two late Eocene/
Oligocene rhinocerotoidsiyracodonand Subhyracodonfrom Badlands National Park, South Dakota. The relatively longer
upper and lower premolar rows, wider central incisors, relatively wider and more stout premaxillae, complete anterior dentition
and strong cingula indicates thdgracodonwas morphologically similar to modern browsers and mixed feeders. The proportion-
ately shorter premolar rows, enlarged lateral incisors, relatively narrower and more delicate premaxillae, and less petl develo
cingula inSubhyracodorillustrates similarities to modern grazers and mixed feeddysacodonwas likely a browser of nuts,

twigs, and tougher vegetation growing on the distal reaches of a bushland floodpldihyracodorappears to have been a
selective-mixed feeder utilizing the more high-fiber vegetation of wooded habitats proximal to the Oligocene water courses.

and 2) to speculate on modern analogues for these two Oli-

INTRODUCTION . .
) ocene rhinocerotoids.
ATHOROUGH understanding of the paleoautecology o
extinct mammalian species enables researchers to gen- MATERIALS AND METHODS

erate more accurate interpretations of paleoenvironments. The HyracodonandSubhyracodomaterial examined in
Among the ecological attributes, dietary preference is possiis study was collected from BADL and is housed in the Geor-
bly the most informative. Various cranial morphological traigia College & State University Vertebrate Paleontology
(e.g. premaxilla shape) have been used to determine diet&¢ZVP) and South Dakota School of Mines (SDSM) collec-
preferences of extinct ungulate species (Gordon and lllitisns. Only molars that were fully erupted and exhibited light
1988; Solounias and Saunders, 1988; Solounias et al., 1988ar were used for the calculation of HI values (HI = H/W).
Solounias and Moelleken, 1993a; Dompierre and Church€&he heights and widths of m3’s were taken at the protoconid
1996). Tooth microwear analysis (Solounias and Moellekeim the labial side of the lower molars. The heights and widths
1992a, b, 1993b, 1994), tooth wear facet analysis (JamtM3's were measured on the labial side at the paracone.
1990a), and enamel isotope composition (Wang et al., 198®ight was measured as the distance from the occlusal sur-
have also been used to discern dietary preference. Additiface to the dentine/enamel junction, and the width measured
ally, craniodental indices have been employed to compare asdhe maximum tooth width normal to the trend of the cheek
contrast ungulate feeding strategies (Janis, 1988, 1990hooth row. For the calculation of the relative muzzle width
1995; Janis and Ehrhardt, 1988). These craniodental indifRMW = MW/PW), palatal width (PW) and muzzle width
include the hypsodonty index (HI), relative muzzle widttMW) were measured between the M2 protocones and at the
(RMW), relative incisor width (RIW), and relative lengths ofmaxilla/premaxilla suture respectively. The lower incisors
the upper and lower premolar series (RLPM). were measured at their widest point above the alveolar rim for
Hyracodon (Hyracodontidae) andubhyracodon the calculation of the relative incisor width (RIW = i1/i2 or
(Rhinocerotidae) were two temporally sympatric rhinocerotoiilfi3). To determine the relative length of the premolar series
that inhabited the area of Badlands National Park (BADL(RLPM = PM/M), upper and lower premolar (PM) and molar
South Dakota, during the latest Eocene through the late-midsteies (M) were measured parallel to the labial side of the
Oligocene (Emry et al., 1987). Their fossilized remains actbheek tooth row at bone height. Additional RLPM measure-
commonly found in the same White River Group horizomaents were obtained from the extant rhinoceroses
within BADL, but usually in differing lithofacies. This ap-Ceratotherium simunbicerosbicornis Rhinocerosinicornis
parent dichotomous facies distribution has led researchersutd the Miocene rhinocerosg&phelopsandTeleocerasn the
suggest thaHyracodonwas an open plains dweller andJniversity of Nebraska State Museum (UNSM) collections.
Subhyracodomwas a denizen of the riparian strip (Matthewlhe Student’s t-test was used to analyze the comparative data.
1901; Clarke et al., 1967). The purpose of this study is: 1)Rbotographs of the extaBicerorhinussumatrensigGroves
utilize craniodental indices and premaxilla shapes as indieamd Kurt, 1972) were examined to determine its RLPM val-
tors of dietary preferences kiyracodonandSubhyracodon ues. Published HI and RMW values (Janis, 1988; Janis and
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Ehrhardt, 1988) for extant perissodactyls with known dietatiye length of the upper premolar series is significardly=(
preferences and habitat usage were used for comparative @0} longer inHyracodon Hyracodonand the Miocene
poses. Habitat usage and dietary preferences of extant umginocerotidAphelopsexhibit nearly identical RLPM values
lates comes from Nowak (1991) unless otherwise stated. while the SubhyracodorRLPM values are intermediate be-
The premaxillae morphologies dfyracodonand tween those oAphelopsandTeleoceras
Subhyracodorwere qualitatively compared to a variety of  The extanD. bicornis exhibits an upper RLPM ratio in-
modern browsersTapirusterrestris T. bairdii, D. bicornis, termediate between those ldfracodonand Subhyracodon
Odocoileus virginianus O. hemionus Giraffa andalower RLPM value nearly equal to thaSabhyracodon
camelopardali} grazers Equus caballus E. burchelli, E. The R. unicornis lower RLPM values are nearer those of
grevyi C. simun), and mixed feeders (grasses represent béyracodonwhile the upper RLPM values are more similar to
tween 10% and 90% of the di&;unicornis Tayassuajacy,  those ofSubhyracodon Both RLPM ratios ofC. simumare
Antilocapra americang Cervuselaphus Boselaphus nearly equal to those &ubhyracodon Photographs of the
tragocameluy in the Georgia College & State Universityupper cheek tooth rows &ficerorhinussumatrensigsiemon-
Mammal (GCM) and UNSM collections. strates that the upper premolar series is longer than the molar
series, similar to the upper RLPM conditionrbfracodon

RESULTS L
The central incisors dflyracodonare nearly the same
Both Hyracodonand Subhyracodorare brachydont, 10- gj,¢ a5 the lateral incisors while the central incisors in

phodont rhinocerotoids exhibiting some degree of upper p&gjnhyracodomre much smaller than the lateral incisors. The
molar molarization Hyracodorretains complete anterior dengynw of study specimens exhibiting non-distorted MW and
titio_n .and strong cingula on t_he .cheek teeSubhyraco_don PW is not significantly different foHyracodonand
exhibits a reduced number of incisors, absence of Can'”es'§[]ﬂhyracodon Several extant perissodactyls exhibit RMW
less well developed cingula on the cheek teeth. HI valygses similar to those #fyracodonandSubhyracodonThe
(Table 1) for both m3's and M3's are nearly identical betwegf\n value of 0.840 foHyracodonis within 0.2 ofEquus
Hyracodonand Subhyracodonand when compared to Hlge\vi (0.822),E. hemionus(0.838), Ceratotheriumsimum
values for extant perissodactyls, fall between those of the bromsB 42), andicerossumatrensi€0.847). The average RMW
ing T. terrestrisand the mixed feeding. unicornis of 0.910 forSubhyracodoris very similar to that oF. kiang

A discernible difference exists between the lower RLP%'QOO) and within 0.025 d. przewalskii(0.885). The rela-
values forHyracodonand Subhyracodordenoting a propor- ey widest muzzles in extant perissodactyls belong to the

tionately longer lower premolar row Hyracodon The rela- pixeqd feedingR. unicornis and the browsing. sondaicus

The browsing perissodactyicerosbicornis T. indicus and
T. terrestris exhibit the relatively narrowest muzzles. How-
ever,D. bicornislacks upper incisors and exhibits greatly re-
TAB.LE 1—Calculated craniodental indices. () = number of indyced premaxillae.
viduals sampled. The premaxillae ofHyracodon(Figure 1A) are rounded
and stout, whereas those ®fibhyracodor{Figure 1B) are
more pointed and delicate. Qualitative comparisons to the

Oligocene rhinocerotids

Hyracodon Subhyracodon 8 . ) :
dental formula 3/3,1/1,4/13,313 _ 2/2,0/0,4/4-3,3/3 artiodactyl premaxillae morphologies figured by Gordon and
Hypsodonty index (HI = H/W) lllius (1988) and Solounias et al. (1988) indicate that the shape
m3 light wear 0.983 (10) 0.938 (5) of the Hyracodonpremaxillae more closely resembles the
M3 light wear 0.826 (13) 0.730 (5) mixed feeding artiodactyls (e @ervus elaphyd=ig. 1N) while
Relative length of premolars (RLPM = PM/M) the premaxillae oSubhyracodor(Figure 1B) more closely
lower premolar series  0.869 (25) 0.783 (14) resembles those of the browsing artiodactyls (&g.
upper premolar series 1.050 (21) 0.859 (11) camelopardalis Figure 1D). The same results are obtained
Relative incisor width (RIW = i1/i3 or i1/i2) e - .
when the quantitative method of premaxillae analysis
1.030 (8) 0.471 (10) ) . .
Relative muzzle width (RMW = MW/PW) (Dompierre and Churcher, 199_6) is appllgd. In terms c_>f ro-
0.840 (14) 0.910 (4) pustness, thblyra_codonpremaxnlae is similar to that exhib-
ited by Tayassutajacu (Figure 1M).
Miocene rhinocerotids A comparison of the premaxillae bfyracodon(Figure
Aphelops Teleoceras 1A) with modern perissodactyls demonstrates a striking simi-
RLPM = PM/M _ larity to Tapirus terrestris(Figure 1C). None of the extant
lower premolar series  0.820 (3) 0.488 (9) perissodactyls examined provides a reasonable modern ana-
upper premolar series 1.050 (3) 0.671 (10)

logue for the premaxilla shape 8ubhyracodon Unlike
Extant rhinocerotids Hyracpdonor Subhyracodonthe premaxillae of exta_nt graz-
D. bicornis R. unicoris C. simum €S (Figures 1G, H, I, and J) are more bulbous with broader
RLPM = PM/M incisor arcades. The only mixed feeding perissodacty! fig-
lower premolar series 0.788 (1) 0.957 (1)  0.762 (2) ured Rhinoceros unicornjsFigure 1K) exhibits much wider
upper premolar series 0.901 (1) 0.737 (1)  0.819 (2)premaxillae than eithedyracodonor Subhyracodon The
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,l;-,I B vy o major feeding groups for extant ungulates. When compared
—_ L-fll — 1 —— "«L‘ to grazers, browsers exhibit a low Hl, long premolar row, and

medium width muzzle. Grazers have a higher HI, shorter
premolar row, and a relatively broader muzzle. Mixed feed-
ers exhibit a moderate HI, short premolar row, and narrow
muzzle (narrowest of the three groups). Tests of these dietary
divisions on extant ungulates show that grazers and browsers
are nearly always correctly identified.
O E | The HI values foHyracodonandSubhyracodosuggest
that the cheek teeth were optimally suited for browsing.
Hyracodonpossessed minimally enlarged central lower inci-
|"rp| N i sors andsubhyracodomxhibited enlarged lateral lower inci-
Ly | _ l.;_/l sors. Modern grazers tend to possess subequal lower incisors
] that are relatively broad, browsers possess enlarged central
3 H | incisors, and intermediate feeders possess significantly wider
lateral incisors than browsers (Janis and Ehrhardt, 1988).
o Direct analogy would suggest browsing habitsHgracodon
. i 'r ) and mixed feeding habits f@ubhyracodon However, en-
- I'\./'r — A NS — ﬁ:'::,,:"' larged lateral lower incisors are a defining characteristic of
’ the Rhinocerotidae and may not reflect a feeding adaptation
in Subhyracodon
The RMW values ofHyracodonare most similar to the
s extantE. grevyi E. hemionus C. simum andDicerorhinus
IH' _ ..j" ].I sumatrensis Equus grevyis a grazer that consumes fibrous
1

iy grasses that are inedible to cattle and other ungulates in sub-
M desert grassland&quushemionusnhabits the flat deserts of
Asia subsisting on grass and low succulent plants.
Ficure 1— Premaxillae of &) Hyracodon (B) Subhyracodonex- Ceratotheriumsimuminhabits the open forests and plains of

tant browsers [¢) Tapirusterrestris (D) Giraffa camelopardalis ~ Africa consuming a variety of grasses (Groves, 1972)tand

(E) Odocoileusvirginianus (F) O. hemionu grazers [6) Equus  symatrensisnhabits hilly, humid forests, eating fruits, leaves,

burche]li, (H) E. caballus (I).E.grevyl (J) Cergtotheriunfsimun], twigs, and bark (Groves and Kurt, 1972). The RMW of

quderrigg(s: ('f\ﬂe)egs)r/sa;{g u';gg&C(eNr)ocs':uer;:fuosr;:pSjﬁggﬁfg;?s Subhyracodoris most similar to the extali kiang and ex-

- 4cm. tinct E. przewalskii Equus kianginhabits the Tibetan Pla-
teau and grazes on grasses and low succulent plaqgtsus
przewalskiiinhabited the plains and hills of eastern Europe

premaxillae ofC. simum(Figure 1J) an®. bicornis (not fig- and grazed on a variety of grasses. .
ured) are greatly reducedC. simum a grazer, possesses a1 N€ proportionately longer upper premolar row in
broad, squarish lip that functions as a cropping mechanig-rw_racodom; S|m|lar_to the conditions found in the browsing
D. bicornis a browser, has a narrow prehensile lip (hook ml}zlocene rhinocerotidiphelops(Prothero et al., 1989) and
used to pull browse items into the mouth. Belyracodon (e extant browsin@icerorhinussumatrensisThe propor-
andSubhyracodotack the elevated and retracted nasals, i@nately shorter premolar row Bubhyracodoris similar to

panded nasal incisions, and rostral muscle scars indicativéhé; Mixed-feeding. unicomisand grazingC. simum Both
a prehensile lip or proboscis (Wall, 1980). the upper and lower RLPM values of the browsbigeros

bicornis are intermediate between the valuesHgracodon
DISCUSSION and Subhyracodon When compared to the standard
Paleosol analyses suggest that the paleo-vegetation ofdreniodental morphologies determined by Janis (1995),
BADL region was transitional from middle Eocene tropicdllyracodonmost closely resembles a modern browsing ungu-
forests, to early Oligocene open woodlands, to late Oligocdate whileSubhyracodofavors the mixed feeding group. Well
open bushland (Retallack, 1983). Some of the paleosolsl#veloped cingula on the cheek teeth, as exhibited by
the Pinnacles area of BADL preserve root traces suggestivélgfacodon are generally recognized as an indication of an
low desert scrub (Retallack, 1983). Although direct botanidadrbivore utilizing thorny or rough vegetation. Less well de-
evidence is sparse, wooded areas with succulent vegetatieloped cingula on the cheek teeth, aSirtbhyracodonsug-
most likely existed in the riparian strips, while dry scrub argksts an organism not optimally suited to utilize such vegeta-
tougher vegetation was more abundant distal to the Oligoctioa.
stream courses. The premaxillae morphology ¢fyracodonis similar to
Janis (1995) used the combination of HI, RLPM, antiat exhibited byCervuselaphus Tayassuajacuy, andTapirus
RMW to determine the general characteristics of the thregrestris Cervus elaphuss both a grazer and a browser,
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utilizing fresh grasses in the spring and early summer, and

. . . ACKNOWLEDGMENTS
browsing forbs, woody plants, shrubs and conifers in the late ) ) ]
summer, fall, and wintefTayassuajacu is a browsing artio- The senior author thanks W. Wall for suggesting this the-

dactyl of the southwestern United States that grubs for fruff’S Project and providing continued advise and support until
berries, tubers, bulbs, and rhizomeEapirus terrestrisis a 't completion, and D. Parmley for advice, encouragement,
browser of leaves, buds, twigs, and fruits of low-growing tégd many stimulating conversations. We acknowledge R.

restrial plants. The premaxillae morphologysabhyracodon Benton of Badlands National Park for her assistance in the
is most similar toG. camelopardalis a select browser thatPak, M. Voorhies and P. Freeman of the Nebraska State Mu-

afym, and P. Bjork of the South Dakota School of Mines for
wild apricot trees. the use of specimens in their care. This manuscript has ben-

Speculation concerning modern analogsHgracodon efited greatly from critical reviews by M. Voorhies, B. Bailey,

and Subhyracodomequires comparisons to both perissoda&- Comer, and D. Terry. We thank three anonymous review-
tyls and artiodactyls. Taking into consideration th@'S for their useful commentswe thank D. Terry for his

craniodental indices, incisor arcade structure, apparent h&hightening conversations dealing with the sedimentology of
tat usage, and appendicular morpholoEyassutajacu of The White River Group. The senior author thanks H. Mead

Arizona and Texas may be the most appropriate modern dQgher critical rgviews, patience, apd encou.ragement. Finally
log for Hyracodon AlthoughT. tajacuis an artiodactyl, it we thank Mr. Vince Santucci for his enthusiasm and support

lacks the rumen digestive system found in the more divefS& Paleontological research in the National Parks. This re-
ruminants. Tayassutajacu inhabits desert scrub and ari¢®arch was partially supported by grants from the Georgia

woodlands, escaping danger with quick bursts of speed. Ei?/lege & State University Faculty Research Fund.

mechanical analysis of locomotor morphology suggests that REFERENCES

Hyracpdorwas functionally similar to mOdem W"P' pigs (Wallc sre, 3., 3. R. Bereower anp K. K. KieTzke. 1967. Oligocene

and Hickerson, 1995). The robust snout.dbjacuis used to sedimentation, stratigraphy, paleoecology and paleoclimatology

grub for food. Cactus fruit, berries, and bulbs are the primary in the Big Badlands of South Dakota. Fieldiana: Geology Mem-

dietary components. A grubbing nature ftyracodoncould oirs, 5:1-158.

help to explain the presence of the robust premaxillae dPeiPiErre H.anD C. S. GiurcHER 1996. Premaxillary shape as an

nasals. Subhyracodoris enigmatic in comparison to extant indicator of the diet of seven extinct late Cenozoic New World

ungulates. The craniodental indices suggest an organism morec@mels. Journal of Vertebrate Paleontology, 16(1):141-148.

suited as a mixed feeder/grazer, yet the premaxilla morphgfR": R J- L. S. BSseLL ano P. R. Bork 1987. The Chadronian,
. L L Orellan, and Whitneyan North American Land Mammal Ages,

ogy, which is very similar t@. camelopardallslndmate.s a p. 118-152.In M. O. Woodburne (ed.), Cenozoic Mammals of

select browser. Although the premaxillae morphologies dif-  North America. University of California Press, Berkeley.

fer, the South Americamapirusterrestrismay provide a le- Gorpon, I. J.anD A. W. ILLius. 1988. Incisor arcade structure and

consumes mainly leafy vegetation from acacia, mimosa,

gitimate ecological analogue fS&ubhyracodon diet selection in ruminants. Functional Ecology, 2:15-22.
Groves C. P. 1972.Ceratotheriumsimum Mammalian Species,
CONCLUSIONS 81-6

The analysis of craniodental and premaxilla morpholo=—— anp F. Kurr. 1972. Dicerorhinussumatrensis Mamma-
gies suggests differing feeding habits for the Oligocene lian Species, 21:1-6.
rhinocerotoidsHyracodonandSubhyracodon The relatively Janis, C. M. 1988. An estimation of tooth volume and hypsodonty
longer upper and lower premolar rows, wider central incisors, indices in ungulate mammals, p.371-391D. E. Russell, J. P.
relatively wider and more stout premaxillae, complete ante- Santoro, and D. Sigogneau-Russel (eds.) Teeth revisited: Pro-
rior dentition, and well developed cingula suggests that Cﬁe?'ngs,\;’f the Vlltg In'\;ernatlogﬂ.cto.ngresi Of“Degtalqur'
Hyracodonwas morphologically similar to modern browsers gegeo%y, 53?m0'res u Musum drstoire naturetle, de Fans,
and mixed feeders. _The proportionately shorter p.remolar rows, 19§0a. The correlation between diet and dental wear in
enlarged lateral incisors, narrower and more delicate premax- herbivorous mammals, and its relationship to the determina-
illae, and less well developed cingulaSnbhyracodorsug- tion of diets of extinct species, p. 241-25fh A. J. Boucot
gests an herbivore more morphologically suited as a grazer (ed.), Evolutionary paleobiology of behavior and coevolution.
and mixed feeder. The distinctive premaxillae shape exhib- Elsevier, New York.
ited bySubhyracodotis suggestive of a selective mixed feed=—— 1990b. Correlation of cranial and dental variables with
ing perissodactyl. This evidence suggestsilyaaicodorwas body size in ungulates and macropodoids, p. 255-289).

a browser of the nuts, fruits, twigs, and tougher vegetation 2amuth and B. J. MacFadden (eds.), Body size in mammalian
. . . paleobiology: estimation and biological implications. Cam-
growing on the distal reaches of bushland floodplains present

) . . . bridge University Press.
in the region of BADL during the Oligocen&ubhyracodon _____ 1990c. Correlation of cranial and dental variables with

was likely a mixed feeder utilizing the more high-fiber veg-  gietary preferences in mammals: a comparison of macropodoids
etation and succulent browse in the wooded habitats proximal and ungulates. Memoirs of the Queensland Museum, 28(1):349-
to Oligocene water courses. 366.

. 1995. Correlations between craniodental morphology and
feeding behavior in ungulates: reciprocal illumination between




22 TECHNICAL REPORT NPS/NRGRD/GRDTR-98/1

living and fossil taxa, p. 76-98In J. Thomason (ed.), Func- . 1993a. Dietary adaptation of some extinct ruminants de-
tional Morphology in Vertebrate Paleontology. Cambridge Uni-  termined by premaxillary shape. Journal of Mammalogy,
versity Press, New York. 74(4):1059-1071.
, AND D. EHrHARDT. 1988. Correlation of relative muzzle 1993b. Tooth microwear and premaxillary shape of an
width and relative incisor width with dietary preference in un-  archaic antelope. Lethaia, 26:261-268.
gulates. Zoological Journal of the Linnean Society, 92:267-284——. 1994. Differences in diet between two archaic ruminants
MartHEW, W. D. 1901. Fossil mammals of the Tertiary of northeast- species from Sansan, France. Historical Biology, 7:203-220.
ern Colorado. Memoirs of the American Museum of Natur&oLounias N. anp B. D. Swunpers. 1988. Dietary adaptations and

History, 1(7):353-447. paleoecology of the late Miocene ruminants from Pikermi and
Nowak, R. M. 1991. Walker's Mammals of the world. Fifth edi- Samos in Greece. Palaeogeography, Palaeoclimatology,

tion. The John Hopkins University Press. Baltimore, Mary- Palaeoecology, 65:149-172.

land. Sorounias N., M. TeaForp, AnD A. WaLker. 1988. Interpreting the
ProTHERQ D. R., C. GERIN, AND E. ManninGg. 1989. The history of diet of extinct ruminants: the case of a non-browsing giraffid.

the Rhinocerotoidea, p. 321-34 D. R. Prothero and R. M. Paleobiology, 14(3):287-300.

Schoch (eds.), The Evolution of Perissodactyls. Oxford UniVaLL, W. P. 1980. Cranial evidence for a probosciSadurcodon

versity Press, New York. and a review of snout structure in the family Amynodontidae

RetaLLack, G. J. 1983. A paleopedological approach to the inter- (Perissodactyla, Rhinocerotoidea). Journal of Paleontology,
pretation of terrestrial sedimentary rocks: The mid-Tertiary fossil 54:968-977.
soils of Badlands National Park, South Dakota. Geologic Soe——, ano W. Hickerson 1995. A biomechanical analysis of lo-

ety of America Bulletin, 94:823-840. comotion in the Oligocene rhinocerotoldyracodon p. 19-26.
Sorounias N. anp S. M. C. MoeLLeken. 1992a. Tooth microwear In V. L. Santuci and L. McClelland (eds.), National Park Ser-
analysis ofEotragussansanensigMammalia: Ruminantia), vice Paleontological Research. Technical Report NPS/NRPO/
one of the oldest known bovids. Journal of Vertebrate Paleon- NRTR-95/16.
tology, 12(1):113-121. Wang, Y., T. E. GRLING, AND B. J. MacFabpen. 1994. Fossil horses
. 1992b. Dietary adaptations of two goat ancestors and evo- and carbon isotopes: new evidence for Cenozoic dietary, habi-
lutionary considerations. Geobios, 25(6):797-809. tat, and ecosystem changes in North America. Palaeogeography,

Palaeoclimatology, Palaeoecology, 107:269-279.



DIETARY IMPLICATIONS OF JAW BIOMECHANICS IN THE
RHINOCEROTOIDSHYRACODONAND SUBHYRACODON-ROM
BADLANDS NATIONAL PARK, SOUTH DAKOTA

ALFRED J. MEAD ano WILLIAM P. WALL 2
*University of Nebraska State Museum, Division of Vertebrate Paleontology, Lincoln, NE 68588-0514
2Department of Biology, Georgia College and State University, Milledgeville, GA 31061

AssTrAcT—ANalysis of the cranial morphologies of the two rhinocerotditisacodonand Subhyracodonfrom Badlands Na-

tional Park, South Dakota, suggests differing feeding modes for these sympatric herbivores. Morphological differenaes are dist
guished by means of distortion grids and mandibular angle quadrant analyses. The biomechanical ability of each rhinoceros is
estimated using adductor muscle mass reconstruction and median muscle fiber lengths and moment afgraatidenwas a
brachydont hyracodontid with a brachy- to mesocephalic skull, posteriorly expanded mandibular angle, more anteriorly inclined
deep masseter, enlarged coronoid process, and a relatively larger tem@ubligracodomwas a brachydont rhinocerotid with

a dolichocephalic skull, vertically enlarged masseteric fossa, more vertically inclined deep masseter, and a proportaletely sm
temporalis. Given an Oligocene mosaic landscape of lush succulent and woody riparian vegetation bordered by bunch grass
bushland floodplainilyracodonwas morphologically and functionally better adapted to browse the rougher low vegetation (twigs,
buds, bark, and tough leafy material) of the bushland distal to the water courses, ®tbhyagcodonvas more suited to utilize

the succulent vegetation and high browse of the wooded riparian strip.

mechanical analysis of the locomotor abilitiesHyfacodon
) ) o suggest subcursorial habits, similar to extant wild pigs and
DETERMINING THE diets of extinct species is vital for an Uheccaries (Wall and Hickerson, 1995).

. derstanding of_the paleoecolpgy of a fossil fauna. Direct. HyracodonandSubhyracodomave been cited as indica-
evidence of paleodiet (e.g. Voorhies and Thomasson, 1979)isqecies of separate sedimentary facies in BADL. Matthew
seldom available to the vertebrate paleontologist, and thus %01) determinetiyracodorto be indicative of his Clay fauna

ternative avenues of analysis must be pursued. It is rea@i).: o dwellers) an®ubhyracodorindicative of the Sand-

apparent that the structure of the jaws and teeth and the musglgiSe fauna (forest dwellers). Clark et al. (1967) concluded

that move them are indicative of particular modes of fee‘jiﬂ%tSubhyracodorwas indicative of a Near Stream fauna of
(Smith and Savage, 1959; Janis, 1995). Since the shapesaid o\er Nodular Zone (Orellan) whitgyracodonwas rep-
masses of the jaw adductor muscles can never be known (9Bl ntative of the Open Plains fauna. Wilson (1975) reported
approximated), biomechanical studies of fossils require that ccurrence Bubhyracodorxclusively in thérotoceras

the feeding mechanisms be reduced to a system of forces @Rdnnels anyracodononly in the overbank mudstones of
levers (DeMar and Barghusen, 1972). Studies of jaw biomga) entauchenideds (Whitneyan) in the Palmer Creek area.
chanics utilizing vector analysis have proven useful in the 114 purpose of the present study is to: 1) illustrate cra-

analysis of fossil species (Gingerich, 1971; Naples, 198 morphological differences: 2) attempt to reconstruct the
Joeckel, 1990). , _ ___jawadductor musculature; 3) estimate jaw biomechanical abili-
The late Eocene/Oligocene sediments of the White Rig(s. 5nd 4) suggest possible feeding modesH§acodon

Group in Badlands National Park (BADL), South Dakota, hawgqsbhyracodothat may explain the observed dichotomous
yielded a wide array of Chadronian, Orellan, and Whitneyalyias distribution.

(North American Land Mammal Ages) mammalian taxa. If

their fossil record is a valid indicator of past abundance, MATERIALS AND METHODS

Hyracodon (Hyracodontidae) and Subhyracodon Adult Hyracodon(4 skull/jaws) andSubhyracodor(3
(Rhinocerotidae) were the most common large (> 100 kg) hekull/jaws, 4 jaws) material examined in the present study
bivores (horses and oreodonts being medium-sized) of thas collected from BADL and i s housed in the Georgia
Orellan in the central Great Plains regi@ubhyracodomvas College & State University Vertebrate Paleontology (GCVP)
approximately 120 cm at the shoulder and, although larges/lection. Comparisons with recent mammals are based on
exhibited similar skeletal proportions to modern tapirs sustudy of specimens housed in the Georgia College & State
asTapirusterrestris(Scott, 1941). The dental formula is 2/2University Mammalogy (GCM) collection. To illustrate rela-
0/0, 4/4-3, 3/3. Hyracodonwas smaller thaSubhyracodon tive morphological differences, Cartesian transformations were
and more agile, as suggested by the elongate metapodialgorstructed (as described by Thompson, 1961) in both the lat-
was approximately 80 cm at the shoulders with a proportiaral (Figure 1) and dorsal (Figure 2) aspect$ffimachyus (a

ately longer neck than that of any known rhinocerotoid (Scattjimitive rhinocerotoid),Hyracodonand Subhyracodon
1941). The dental formula is 3/3, 1/1, 4/3, 3/3. Recent biQuadrant analyses (Figure 3) of the mandibular angles of
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Ficure 2—Dorsal distortion grids for) Hyrachyus (B) Hyracodon
and C) Subhyracodon Hyrachyusmodified from Osborn and
Wortman (1894: Plate 2)Hyracodonand Subhyracodormodi-
fied from Scott (1941).

Ficure 1—Lateral distortion grids constructed fok)(Hyrachyus,
(B) Hyracodon and C) SubhyracodonHyrachyusmodified from
Osborn and Wortman (1894: Plate 2).

] middle of M1 in both genera; deep masseter, on the zygo-
HyracodonandSubhyracodomere performed to quantify the matic arch with muscle fibers perpendicular to the central axis

attachment areas for the deep and superficial masseters iRfene arch; temporalis, the distal end of the temporal fossa,
lation to the cranio-mandibular joint (CMJ). The mandibulgjnterior edge of the occipital ridge.

angleiwas systematically di.vided into four quadrants and a pyscle mass proportions were estimated using modeling
dot gnd was used to determine the percentage of the total @8y as described by Turnbull (1976). The masseter group
curring within each quadrant. _ includes the superficial masseter, deep masseter, and
Jaw adductor muscle reconstructions were attempted j9pomaticomandibularis. The pterygoid estimate includes the
Hyracodonand Subhyracodorwith the aid of muscle scars|ateral and medial pterygoid. The temporalis estimate includes
on the fossil material mentioned above. Although unknowghe geep and superficial temporalis. The proportions of the
all muscles are assumed to exhibit parallel fibers. Fresh heggserficial and deep masseter and zygomaticomandibularis in
of the extanOdocoileus virginianushlces alcesAntilocapra  the total masseter group mass were estimated using known
americana andCervus elaphusiere dissected and served agercentages for modern ungulates exhibiting similarly oriented
general templates for the reconstructions. The following esfi;gomatic arches and similarly shaped mandibular angles
mates were used for the origins of the adductor musculatytgirnpull, 1970). Ovis aries (30% superficial: 70% deep)
superficial masseter, anterior to the zygomatic arch, above {pg; ysed foBubhyracodormndOdocoileusvirginianus(38%
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Ficure 3— Labial views of left lower jaws ofy) Hyracodonand B) - - E

Subhyracodomwith mandibular angles divided into quadrants as )
discussed in text. Scale = 4 cm. Ficure 4— Left lateral view of the skulls o) Hyracodonand B)

Subhyracodorillustrating the length and orientation of each me-
dian muscle fiber (heavy solid line), the moment arm of each fiber
. (light dashed line), and the trend of the central axis of each zygo-
superficial; 62% deep) was used féyracodon matic arch (heavy dashed line). Scale = 4 cm.

Lengths of the median muscle fibers for the superficial

masseter, deep masseter, and temporalis were estimated using
nylon string cut to lengths connecting the middle of the Mus@@ysic arch. The premaxilla is shortened and the maxilla ex-
scars for each origin and its corresponding insertion (Naplggnded anteroposteriorly. The mandibular angle is enlarged
1987; Joeckel, 1990). The median muscle fibers were supgimarily ventrally, but also slightly posteriorly. The frontals
imposed upon line drawings of the skulls (Figure 4) at th@e anteroposteriorly expanded above and anterior to the or-
mid-point of observed muscle scars. Perpendicular momggt and also in the posterior-most region of the parietals (Fig-
arms were inserted between the median fibers and the mg@-2B). The posterior parietals are laterally constricted. The
dibular condyle (CMJ). Force vectors (Figure 5) were esfnterior and posterior zygomatic arch and premolar region of
mated based on the lengths and orientation of the medianfis rostrum are laterally expanded. The nasals above the
bers and the approximate proportions of the total adducipemolars are anteroposteriorly and laterally reduced.
muscle mass of each muscle. A total vector length of 15 cm 1pe temporal region @ubhyracodon(Figure 1C) is en-
was arbitrarily chosen for gach analysis. The gngle of eaghyed but not to the extent seerHyracodon The rostrum
vector was measured against a rt_eference line in the occll-,|§ nger immediately anterior to the orbit and above the pre-
plane of the cheek teeth. Estimation of the role of the mediglyiliae, but shortened in the region of the narial notch. The
and lateral pterygoid in fossil mammals is difficult due in paghronoid process is not noticeably changed. The zygomatic
to the variability exhibited in modern mammals (Janis, 1983)., is enlarged above the CMJ ang Nlhe premaxillae and
For this reason the pterygoid group is treated as a single fqiggiillae are expanded both anteroposteriorly and vertically.
with a line of action the same as the deep masseter. The ascending ramus of the dentary is vertically expanded,
RESULTS the masseteric fossa is enlarged, and the posterior portion of
Distinct differences are evident when the skulls d?e mandibular angle is reduced. The anterior dentary is ver-

HyracodonandSubhyracodormre compared to the primitivet'ca”y thickened below the diastema, and anteroposteriorly
rhinocerotoid cranial morphology exhibited biyrachyus expanded below the premolars. The nasals, frontals, and an-

(Figures 1A and 2A)Hyracodon(Figure 1B) exhibits a ver- terior parietals (above the orbits) are anteroposteriorly ex-

tically expanded temporal fossa and sagittal crest, and a shopl%'?,ded (Figure 2C). _The nasals are Iatgrally expanded "?‘bo"e
deeper rostrum. The coronoid process is expanded both veig- premol_ars, yet slightly constrlctgd in the molqr region.
cally and horizontally, as is the posterior half of the zyga_—he posterior region of the zygomatic arch is marginally ex-
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TasLe 1— Cranial morphological parameters.

Hyracodon Subhyracodon

Mandibular angle analysis

quad | 20% 34%

quad Il 13 % 6 %

quad Il 33% 11 %

quad IV 33% 49 %
Adductor muscle mass est.

% temporalis 24 20

% pterygoid 32 32

% masseter group 44 48
Median muscle fiber ratios

superficial/deep masseter 1.38 1.39

temporalis/deep masseter 0.79 0.88
Moment arm ratios

superficial/deep masseter 1.57 1.53

temporalis/deep masseter 0.89 0.66

temporalis/superficial masseter 0.57 0.43
Angle of zygomatic arch 41 3¢
Vector angles

superficial masseter 25 23

deep masseter 45 57

temporalis 20 25

proportionately longer temporalis moment arm. A more in-
_ _ clined (42 as opposed to 30central axis of the zygomatic
Ficure 5—Vector analysis and adductor muscle reconstructioA)of (arch is evident itdyracodon Vector orientations illustrate a

Hyracodonand @) Subhyracodon a = M. masseter parsmore anteriorly inclined deep massetetHyracodonand a

superficialis; b = M. masseter pars profunda, M. pterygoideys, o \ertically elevated temporalis SubhyracodorfFigure
medialis, and M. pterygoideus lateralis; ¢ = M. temporalis. Sc

=4 cm. %\: B).
DISCUSSION

. o ] ] Analysis of the cranial morphology ¢fyracodonand
panded and the anterior region is medially constricted. T&gphyracodomeveals many differences which suggest differ-
maxillae are laterally expanded in the premolar region.  ing functional abilities that ultimately determine the feeding

Nearly half (Table 1) of the mandibular angle of;tegory of each rhinocerotoid. For fossil mammalian herbi-
Subhyracodor{Figure 3B) lies within quadrant IV and 83%,qes, the assigned feeding modes must coincide with avail-
lies anterior to the CMJ (quads | and IV). Sixty percent ligge vegetation. The diversity of White River mammalian
beneath the occlusal plane (quads Il and IV). The distriidyna indicates that a number of habitats existed during the
tion of bone is more uniform across the quadrartyrcodon  |51e-Eocene through early-Oligocene in the area of BADL in-
(Figure 3A). Fifty percent of the mandibular angle lies antgr,ging well drained open gallery forests, bushland prairies,
rior to the CMJ and 66% lies beneath the occlusal plangy vegetated swamps (Clark et al., 1967). Paleosols and fos-
Hyracodonexhibits a dominantly larger quadrant Il poste;j| gastropods in sediments of the White River Group suggest
rior to the CMJ. _ that the general paleo-environment of central North America
_ Modeling clay muscle mass estimates suggest a propgisgressed from moist forests to dry woodlands to wooded
tlonatgly larger temporalis iHyracodonand larger massetery, ;shiands (Retallack, 1992; Evanoff et al., 1992). Evidence
group inSubhyracodorfTable 1). When compared to knownys trye grasses is absent, but the flora likely included shrubs
values for modern mammals (Turnbull, 1970), the temporalig,q punch grasses (Retallack, 1983).
pterygoid, and masseter group percentagésyedcodonare The limitations of muscle mass reconstructions and vec-
most similar to those @docoileusirginianusandSusscrofa  1or analyses must be recognized. The absolute size of a given
while the percentages 8tibhyracodomost closely resembles yscie in a fossil species can never be known. The absolute
those ofOvisaries and a zebra (GCM 57&quussp.). The force generated by an estimated muscle mass is indeterminate
superficial/deep masseter median fiber ratios are the samey ot always directly proportional to the mass. However, in
both species. The temporalis/deep masseter median fibefiggy of these limitations, it is possible to discuss meaningful
tios of 0.88 inSubhyracodorand 0.79 irHyracodonindicate g|ative differences.
that the latter has a relatively longer temporalis or shorter The muscle mass estimations and superficial/deep mas-

deep masseter (Figure 4A, B). The superficial/deep massgi§kr moment arm ratios (Table 1) suggest typical ungulate-
moment arm ratios are also identicédlyracodonexhibits a
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style masseter-driven mechanical systems in both genera. fdvein Subhyracodon(Figure 1C). A more elevated condyle
low profile of theSubhyracodorskull gives the impression allows the maintenance of vertically oriented occlusal forces
that the deep masseter vector (Figure 5B.b) is considerafdyeaves, 1974), and would benefit the grinding phase of the
longer than that irHyracodon(Figure 5A.b) when in fact chew cycle. The expansion of quadrant IV (49%) in
they are nearly identical in length. The primary differenc@ubhyracodorallows for a more anteriorly positioned deep
lies in the direction of the vectors. masseter point of insertion (Figure 3B). Coupled with a de-
Hyracodonexhibits a more anteriorly inclined deep masereased angle (30of the central axis of the zygomatic arch
seter due largely to the posterio-ventral expansion of the méfigure 4B), enlarged posterior and reduced anterior zygo-
dibular angle (Figure 3A) and a%ihclination of the central matic arch (Figure 1C), the total effect is a posterior shift of
axis of the zygomatic arch (Figure 4A). A more anteriortyhe origin and anterior shift of the insertion maintaining an
inclined masseter translates into a greater anterior movenedféctive moment arm for the deep masseter. The medial con-
of the lower jaw during the initial phase of the chew cyclstriction of the anterior zygomatic arch decreases the area of
allowing for increased shear as the teeth move into centiigin and suggests a decreased importance of the superficial
occlusion and is beneficial for the comminution of tougimasseter.
browse. Greaves (1991) concluded that the area of attach- The laterally expanded premaxillae, frontals, zygomatic
ment for the masseter and pterygoids reflects the gross sizarohes, and parietals along with anteroposteriorly reduced
the muscles. The expanded posterior half of the zygomatitterior maxillae and anterior parietals illustrate the brachy-
arch (Figures 1B, 2B) increases the area of origin for the déepnesocephalic nature of tiwyracodonskull (Figure 2B).
masseter and zygomaticomandibularis. Lateral expansiorirbg laterally constricted maxillae, anterior parietals, and zy-
the zygomatic arch allows for an increase in the mass of gmmatic arches in combination with anteroposteriorly ex-
superficial and deep masseters and tlmanded premaxillae, maxillae, frontals, and parietals illustrate
zygomaticomandibularis (44% of the adductor muscle mastf)e more dolichocephalic, wedge shaped nature of the
The posterio-ventral expansion of the mandibular angkibhyracodorskull (Figure 2C). The relative orientation of
in Hyracodon(Figures 1B, 2B, 3A) also allows for an inthe occipital condyles (Figure 1B, C) suggests that head car-
creased distance between the origin and insertion of the rsage may have varied as indicated by Scott (1941). The skull
perficial and deep masseters and pterygoids. The distaofidyracodonwas likely held in a snout-down orientation while
over which a muscle can effect a movement is proportionalthe Subhyracodorskull was held in a snout-forward manner.
its length (Hildebrand, 1995). Assuming that the occlusidrhe Zeuner (1945) method of estimating rhinoceros feeding
of the cheek teeth does not vary with a change in muscle skahits based on the average head carriage suggests differing
absolute greater muscle mass likely reflects greater overall fdieeding modes foHyracodonandSubhyracodon
generation. A herbivore utilizing tough browse as a food source would
The expanded temporal fossa (Figure 2B) and sagittal cteshefit more from cranial musculature arranged to produce a
(Figure 1B), enlarged coronoid (Figure 1B), and proportiotarger amount of shear at the occlusal surface. One utilizing
ately longer moment arm (Figure 4A) suggests that theore succulent browse (material that will not break under
temporalis is of greater importance Hyracodonthan shearing forces) would derive the greatest benefit from an in-
SubhyracodonThe expanded temporal fossa and sagittal crestase in grinding abilities. In an open bushland environ-
provide a larger area of origin for the temporalis and the enent, the short wide muzzle of a brachycephalic skull and
largement of the coronoid increases the area of insertion. Wedl developed orthal retraction in the chew cycle would be
proportionately longer moment arm increases the mechanitalre advantageous to a non-selective browser of tough veg-
advantage of the muscle. Increased temporalis leverage cetddion. The modern browsing perissodactlys (e.g. tapirs and
correspond to an increase in orthal retraction movements rfmowsing rhinos) generally exhibit brachycephalic or meso-
essary to snip tough browse. cephalic skulls. The long narrow muzzle of a dolichocephalic
The less well developed coronoid process, proportionatskull would allow a selective browser to be very precise in its
smaller temporal fossa (Figures 1C, 2C) and estimatachuisition of food materials. Dolichocephalic skulls are more
temporalis muscle mass, along with a relatively shortedicative of the grazing modern perissodactyls (e.g. horses,
temporalis moment arm (Figure 4B), reflects a reduced imebras, and wild asses) and selective browsing artiodactyls
portance of the temporalis Bubhyracodon This condition (e.g. giraffe).
suggests a lesser importance of orthal retraction movements
. L. . . . CONCLUSIONS
during food acquisition iBubhyracodon Vertical expansion . ) )
of the mandibular angle BubhyracodofFigure 1C) increases P ast sedimentological studies have concluded that
the area of insertion for the deep masseter (masseteric fo5¥4fcodonis more prevalent in the floodplain facies and
and medial pterygoid (pterygoid fossa) anterior to the C,@ybhyracodorgenerally res.trlcted to th_e stream channel f_a—
(Figure 3B). A muscle mass producing a more vertically ofii€S Of BADL suggesting different habitat usage and feeding
ented (57to the occlusal plane) force (Figure 5B) would likelj"0d€s in these temporally sympatric rhinocerotoids. Differ-
increase the occlusal pressure during centric occlusion 4@ cranial morphologies ifyracodonand Subhyracodon
thus increase the grinding ability Subhyracodon suggest differences in jaw biomechanical abilities and sup-

The mandibular condyle is more elevated above the to®@t the earlier conclusions concerning differing habitat us-
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age. A brachy- to mesocephalic skull, complete anterior den- feeding behavior in ungulates: reciprocal illumination between
tition, well developed temporalis, and more anteriorly directed living and fossil taxa, p. 76-98n J. J. Thomason (ed.), Func-

masseter/pterygoid muscle group, along with a snout-down tlonql Morphology in Vertebrate Paleontology. Cambridge Uni-
carriage, relatively long neck, and subcursorial locomotor abij- versity Press, New York. . .

ties, indicates thatyracodonwas likely a non-selective eckel, R. M. 1990. A functional interpretation of the masticatory

. . . system and paleoecology of entelodonts. Paleobiology,
browser of tough, low vegetation distal to the Oligocene 16(4):459-482.

streams. The dolichocephalic skull, reduced anterior defjizrryew, W, D. 1901. Fossil mammals of the Tertiary of northeast-
tion, lesser developed temporalis, vertically enlarged masse- ern Colorado. Memoirs of the American Museum of Natural
teric fossa, more vertically oriented deep masseter and medial History, 1(VI1):353-447.

pterygoids, and snout-forward carriage suggests th¥pLes V. L. 1987. Reconstruction of cranial morphology and analy-
Subhyracodomwas a mixed feeder more suited to utilize the sis of function in the Pleistocene ground sibitthrotheriops

succulent vegetation and high browse of the riparian strips. Shastens§Mammalia, Megatheriidae). Natural History Mu-
seum of Los Angeles County Contributions in Science, 389:1-
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PRELIMINARY REPORT ON A NEW SAUROPOD LOCALITY IN
THE JAVELINA FORMATION (LATE CRETACEOUS), BIG BEND
NATIONAL PARK, TEXAS

ANTHONY R. FIORILLO
Dallas Museum of Natural History, P.O. Box 150349, Dallas, TX 75315

AsstracT—A newly discovered sauropod bonebed, that has yielded several dozen bones, has been discovered in the Upper
Cretaceous Javelina Formation of Big Bend National Park. The sauropod is tentatively identified as Alamosaurus sanjuanensis.
This bonebed consists of the disarticulated remains of possibly three individuals, one adult and two juveniles that are approxi
mately half the adult size. Excavation of this site has thus far shown this accumulation of material to be monospecific.

The locality is within the floodplain facies of the Javelina Formation. Further, based on the occurrence of some steeply
plunging bones, this site may have been a focal point for trampling activity, such as an area around a waterhole.

quarry discussed here is located in the Javelina Formation of

Big Bend National Park. Precise stratigraphic position is dif-

I N THE Spring of 1995, members of a dinosaur class from the ¢ 1o discern because the outcrop exposure is sporadic in
University of Texas at Dallas were engaged in a tour of t vicinity of the quarry.

Late Cretaceous section in Big Bend National Park. During 14 quarry is comprised of two basic lithologies. The

this tour, the class discovered a new sauropod bonebed inge. it is a light to medium gray to greenish-gray silstone,
Javelina Formation of the Park. During the winter of 1998enerqly massive in appearance. Brownish-gray clay clasts,
excavation of this bonebed became a joint Dallas Museu 8ft0 1 cm in diameter (though most are only 1-2 mm in di-
Natural History-University of Texas at Dallas endeavor. Sin_ﬁ?neter), are locally abundant. Clay slickensides are common.

the spring of 1997 the bonebed has been excavated by jeiffonate nodules are present throughout and many contain

field parties from these two institutions. The purpose of thiS 1o This unit is at least 2m thick with bones occurring

report is to discuss the ongoing work in light of the generglo i the approximately upper 1.5 m. The greenish silt-
depositional setting, the taxonomic makeup of the quarry, 8l has weak, “swirled” bedding occurring irregularly

the general taphonomic setting. _ _through the unit. The upper contact is sharp and irregular
Langston et al. (1989) provided a detailed overview ﬂ*—'igure 1).

the history of vertebrate fossil collecting in the Big Bend area. ™ 1o overlying unit is also a siltstone but maroon in color.

Saurian remains from this region have been known since 18Q¢s it also contains carbonate nodules, none of which con-
and subsequently the area has received a good deal of afleRhone. There appear to be remnants of horizontal bedding
tion from paleontologists (Langston et al., 1989). Howevgy, s siltstone. Based on the fine-grained nature of both of

despite this lengthy history, few large concentrations of bongsse ynjts, the general depositional setting for this bonebed
have been found in the Cretaceous section of the Big Beoglon as part of the floodplain facies.

area. Perhaps the most notable exception to this pattern is the

W.P.A. Quarry | which yielded the remains of several TAPHONOMIC SETTING

ceratopsian dinosaurs from the Aguja Formation (Lehman, All vertebrate fossil material recovered from this site thus
1982; 1989). Therefore, with respect to non-microvertebrdse is attributed toAlamosaurus sanjuaneris based on the
material, this new bonebed represents an unusual concemtrarphology of the ilium, pubis, and cervical neural spines
tion of vertebrate fossil material in this region.

INTRODUCTION

GEOLOGIC SETTING ST ——
The Maastrichtian sedimentation pattern for the latest Cre- ., . | Li4eq ety
taceous in Big Bend National Park was a general southepast-—"—_" ""-\_\_\_\._-__- -
wardly-directed paleoflow direction on an alluvial plaipmr—" .= ——— E e

(Lehman, 1986). The terminology for the latest Cretacecusd./’f \\_f"_f_.- en [—
units in Big Bend National Park has been the subject of some
. grasnish gray mllmlone
controversy. Schiebout et al. (1987, 1988) referred to the Jav
elina Member of the Tornillo Formation while Lehman (1988)cure 1—Contact between the maroon siltstone and the bone-bear-
maintained that the Javelina Member should be given the raning gray to greenish siltstone at thiamosaurugjuarry, Big Bend
of formation. For the purposes of this report, | am following National Park, Texas. The feature shown in the center of this
the discussion presented by Lehman (1988) and recognizinigure is suggestive of a sauropod footprint in cross section. No

the Javelina Formation. Within this context, &l@amosaurus planar bedding is present directly overlying the downward exten-
sion of the maroon siltstone.
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(Gilmore, 1946; Mateer, 1981; Lucas and Hunt, 1988;multi-ton creature walking thereby causing differential com-
Geomani, pers. comm.). These bones appear to belong a&ion of the substrate (Foulkes, pers. comm.). This type of
individuals, namely 1 adult and 2 juveniles. Based on ekedimentological structure provides a criterion for identifying
ment length, the juvenile individuals are approximately 508¢atures. Therefore, the presence of trampling at the
adult size. Alamosaurugquarry currently cannot be refuted or corrobo-
All bones from this site are disarticulated. Most elemenisted by the sedimentology of the site.
are isolated, though there are some exceptions. The most no-Sauropod remains are infrequently recovered from the
table exception recovered so far has been an unprepared rdager Cretaceous of North America. The known distribution
of six ribs and a scapulocoracoid (?). All bones are presereddthese remains has made some workers recognize an
within carbonate nodules. The thickness of the encasing ntbél-amosauruscommunity” during the latest Cretaceous, a com-
ule varies from bone to bone. This carbonate crust is typicaitynity extending from west Texas up through New Mexico
0.5 cm to 2.5 cm thick. and into Utah, with possible extension into Wyoming (Sloan,
Though most bones are found oriented close to the satB&0; Lehman, 1987). In contrast, no sauropods are known
plane as the dip plane, a small sample of steeply plungfngm the latest Cretaceous of more northern regions such as
bones have been found. The most spectacular example thasNorth Slope of Alaska (Rich, 1996; Rich et al., 1997),
the discovery of an isolated femur of a juvenile in a neatlgmpting one to conclude that environmental factors related
vertical orientation, an anomalous orientation given the loto northern regions explain the distribution of sauropods in
energy sedimentological setting of the site. The occurrenceNafrth America during this time. However, Rich (1996) and
high-angle bones in the fossil record is somewhat probleRich et al. (1997) summarized the distribution of polar dino-
atic, and in the absence of corroborative sedimentological datyrs and show that sauropods have in fact existed in paleo-
such orientations were typically attributed to trampling (Hilrctic climates in the past. Therefore, the explanation for the
and Walker, 1972). In an experiment involving modern bongebal distrubution of sauropods is ecologically complex. Con-
subjected to trampling by ungulates, it has been demonstraieded excavation of th&lamosaurugjuarry is likely to con-
that trampling is a viable means for introducing high-angtgbute to a better understanding of the biogeographic distri-
bones into a muddy substrate (Fiorillo, 1989). Another chdmdtion of sauropod dinosaurs.
acteristic for identifying trampling is the occurrence of shal-
low scratch marks on the bone surface (Fiorillo, 1984, 1988, o )
1989), but not the occurrence of this feature is correlated with A Ponebed containing several dozen bones has been dis-
the sand content of the surrounding matrix (Fiorillo, 1991§0vered in the Upper Cretaceous Javelina Formation of Big

Given the fine-grained nature of the matrix atAtemosaurus B€nd National Park. This bonebed, thus far, has proven to be
quarry, it is expected that similar scratch marks will not SgONospecific and yielded only the remains of the sauropod
ﬂaeosaurAlamosaurus sanjuanensig his quarry consists of

CONCLUSIONS

found there. Therefore, the orientation of these high-an B0 X : ) I
bones at the quarry, and the lack of corroborative sedimerft disarticulated remains of possibly three individuals, one
logical evidence of high-energy stream flow with rapid dep&-du“ and two juveniles that are approximately half the adult

sition, suggests that the subset of bones is evidence for tralf€: . o .
pling at this site during the formation of this locality. The locality is within the floodplain facies of the Javelina

Formation. Further, based on the occurrence of some steeply

DISCUSSION plunging bones, this site may have been a focal point for tram-

With respect to the fossil record, it is generally accepteting activity, such as an area around a waterhole.

that bonebeds are “snapshots”, that is, they represent very short
intervals of time. Given the similarities of preservation and ) )
the proximity of the various bones at this site, it is realistic to 0rémost, | thank the personnel at Big Bend National
suggest that these three individuals shared some interacfi@fk for their cooperation and assistance with this project, in
during their life history. Continued excavation of this quarig@rticular Vidal Davila and Valerie Naylor. | also thank Dana
and its group of sauropods may provide insight into the poggsattl and Dr. Homer Montgomery of the University of Texas

lation dynamics of these animals as well as more detailed gt Dallas for their substantial contribution in the excavation
formation regarding habitat preferences. of the bonebed. In addition | especially thank Paul Foulkes of
As mentioned above, the contact is irregular but has {Rome, Western Australia for his visit to the site and sharing
appearance in some cases of large footprints in cross-sedgigntioughts on the possible footprints of the quarry. The
(sensu Loope, 1986). Given the size and shape of the begigpsaur Society provided partial funding for this project.

defined of these features, it seemed reasonable to suggest that REFERENCES
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COLLECTIONS FROM LATE CRETACEOUS THROUGH EARLY EOCENE
MICROVERTEBRATE SITES, BIG BEND NATIONAL PARK, TEXAS

JUDITH A. SCHIEBOUT, JULIA T. SANKEY?, BARBARA R. STANDHARDT, ano JASON RAMCHARAN
!Louisiana State University Museum of Natural Science and Department of Geology and Geophysics,
Louisiana State University, Baton Rouge, LA 70803
22313 W. Alabama, Hobbs, New Mexico 88242

AssTrRACT—OVer twenty years of research by Louisiana State University scientists on the Late Cretaceous through early Eocene
rocks of Big Bend National Park has focused on the recovery of microvertebrates by bulk screening. This research has produced
vertebrate paleontological collections from 95 sites, and a total of 1,822 specimens or lots have been entered into the LSU
Museum of Natural Science computerized database summarized in Table 1. Every stratigraphic unit studied has yielded verte-
brate microsites, even though the Big Bend section is relatively thin for the time spanned, and although classic bonebeds are
scarce. Computerization of sites and of currently identified fossils has been completed, allowing an examination off patterns o
productivity. Floodplain sites are the most productive, particularly one, Joe's Bonebed Conglomerate, a conglomerate including
carbonate nodules concentrated from soils. Conglomerates rich in pedogenic nodules, formed in channels in a marsh, have also
been productive.

between Big Bend and the northern sites have been an ongo-
INTRODUCTION . : .
ing research focus, with the goal of producing a more geo-

I N Bic Bend National Park, deposition of the Javelina Memy 5 ohically complete picture of life for the time. The abun-
ber of the Tornillo Formation spans the Cretaceous-Tertighynce of carbonate pedogenic nodules in parts of the Big Bend
boundary, and the Paleocene/Eocene boundary lies betwgetion such as the late Paleocene, is a major difference from
the overlying Black Peaks Member and the Hannold Hill;-thern sites, attributed to climate differences (Schiebout,
Member of the Tornillo Formation. Lehman (1991) dlscuss«i@wB)_ Nodules have hampered paleontological study by

the sedimentological and tectonic significance of these qé?icrusting and breaking bone and covering weathered out-
posits in the Laramide Tornillo Basin. The Cretaceous Ag%p surfaces, thereby obscuring fossils.

Formation and the Tornillo Formation have been the focus of Much of the LSU work has focused on microvertebrate

verteprate paleontological researc.h_amisiana State Univer- gitag in part because Big Bend quarry sites had been exten-
sity since 1976 (Hartnell, 1980, Rigsby, 1982, Rapp, 198gye|y worked earlier. Late Cretaceous dinosaur and large
Rapp et al., 1983, Sankey, 1995, 1996, 1997, Sankey odile quarries in the Aguja Formation in the vicinity of
SCh,'EbOUt’ 1997, Schiebout, 1979A, 19798, 1981, 1991'-;‘adley Mountain had been collected by WPA (Works Progress
Schiebout et al., 1987, 1988, Standhardt 1986, 1995, Sank@iinistration), American Museum of Natural History, and
1998, Schiebout et al., in press). The stratigraphically lowggtiyersity of Texas at Austin crews since the 1940's. The
major sites considered here are from the Late CretaceQus, ocene Hannold Hill Member site on Exhibit Ridge, the
(Campanian), from the base of the upper shale member of §ag i, s|ace exhibit of Tertiary mammal remains in the United
Aguja Formation, deposited during the last regression of 8@,te5 had been located and the large vertebrates from it stud-
Interior Seaway from the region. Within the overlying Torq previously (Wilson, 1967). Most fossils in the LSU col-
nillo Formation, the Black Peaks/Hannold Hill Member congtion including those listed in Table 2, have been recovered
tact marks the transition from deposition low on a roodeatgy screening. Only Ray’s (Wilson, 1967, Schiebout, 1974) and
to a higher elevation floodplain. The contact of the Tornillg,o's Bonebeds (Schiebout, 1974) have yielded appreciable
Formation and the overlying Chisos Formation marks the ifiger specimens to the collections, and neither “bonebed”
tiation of local volcanlsm. (Schiebout et al., 1987). would qualify for the term in comparison to sites where sev-
Where paleomagnetic work has been done and rates,pf| partial skeletons or hundreds of bones have been recov-
net sedimentation can be calculated, rates in Big Bend gfgq |dentifiable fossils from screening in Big Bend are usu-
considerably lower tha_n thc_>se in cIaSS|_c northern sites of oy individual teeth, the hardest part of the vertebrate skel-
parable age. From Tiffanian zone Ti3 (late Paleocene) dgy, put can include bones, small jaws or jaw pieces, seeds,

Wasatchian zone Wal (early Eocene), the rate was 21 mejQf teprates, and even ostracodes (Standhardt, 1986).
per million years (Schiebout, 1995,p. 43). Sedimentation rates

of 90 to 200 meters per million years occurred in the Bighorn TECHNIQUES

Basin in Wyoming at approximately the same time (Sloan, Prior to 1970, major bulk screening had not been done
1987). In general, Big Bend sites were in a coastal plain the Late Cretaceous to early Eocene rocks of Big Bend
setting further from uplands and had lower rates of sediméfational Park. The first bulk screening done in the area was
tation than comparable northern sites. Faunal differenaas Joe's Bonebed Conglomerate, a small lens of pedogenic
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TasLe 1—Late Cretaceous through early Eocene stratigraphy, Big Bend National Park, Texas, and related vertebrate collections in the
Louisiana State University Museum of Natural Science. NALMA is an abbreviation for North American Land Mammal Age.

Age NALMA Formation/ Vertebrate Locs. over fao#
or Epoch Member Localities 18pecimens specimens

Eocene \lsatchian Tornillo/

Hannold Hill 2 1 91
Paleocene Tiffanian Tornillo/

Black Peaks 2 2 255
Paleocene Torrejonian omnillo/Black Peaks 5 2 56
Paleocene Puercan Tornillo/Javelina 15 7 563
Late K or Pal. ? Tornillo /Javelina 4 0 10
Late K Maastrichtian Tornillo/ Javelina 49 11 504
Late K Late Campanian Aguja 18 8 343

nodules and sand, winnowed out of floodplain mudstonesBionebed’s original lens of conglomerate yielded 450 cata-
the late Paleocene (Schiebout, 1974). A bulk sample was trdogued specimens from approximately a ton of rock disaggre-
ported to the University of Texas Vertebrate Paleontology Labgated (Schiebout, 1974). Joe's Bonebed conglomerate was a
ratory, dried and warmed, and soaked in varsol, a dry-cleamall lens in floodplain mudstone, mainly composed of nod-
ing solvent. The varsol was decanted and water added, digs from local soils with a high component of vertebrate re-
placing the lighter varsol and breaking down the clays, ahains from the same source. It is more productive per ton
lowing the rock to be screened. washed than the Talley Mountain conglomerate sites, which
Vertebrate paleontological research at LSU began witlave yielded a total of 267 catalogued specimens from 1.9
work at late Paleocene Joe’s and Ray’s Bonebeds and eths. Rock collected from these sites for processing was pe-
Eocene TT-Jack’s site, all three of which had previously bedagenic-nodule-bearing conglomerate, deposited in channels,
worked by University of Texas at Austin researchers (Wilsogpme showing marine influence (Sankey, 1998), on a marshy
1967, Schiebout, 1974). In the 1970s, rock was treated withastal plain. Considerable coarse material, such as limestone
varsol or broken down by ultrasonic vibration in a Bransonipebbles, was also being carried by the flow in addition to pe-
brand ultrasonic. Next, LSU work focused on the Cretaceow®mgenic nodules and vertebrate remains.
Tertiary boundary rocks, and bulk wet screening of mudstone, No early Eocene screening sites were known before 1976,
without chemical treatment, began from many siteghich resulted in an emphasis on screening at TT Jack’s Site,
(Standhardt, 1986). Recently, LSU work has focused on Lathich had yielded medium and large sized mammals of early
Campanian microvertebrate sites in the upper Aguja Fornigecene age (Wilson, 1967; Hartnell, 1980). The fine-grained
tion near Talley Mountain. Five horizons of extremely harffbodplain sites of Table 2, like TT-Jacks, differ in deposi-
fossiliferous conglomerate containing pedogenic nodules haiaal microenvironment from one to another and are not to-
been bulk sampled, disaggregated with dilute acetic acid, dallly comparable. For example, Ray’s Bonebed has been in-
wet screened at LSU (Sankey, 1995,1996,1997; Sankey sawreted as a near-river backswamp and contains a compara-
Schiebout, 1997, Sankey, 1998). tively high level of freshwater lower vertebrates, compared to
TT-Jack’s. TT-Jack’s is not as closely associated with any major

) fluvial sandstone and is much poorer in freshwater lower ver-
Several questions can be asked of the results showndg,ates

Table 1 and 2. What lithologies are highest in productivity ? g sites were recognized as definitely early Paleocene

How are sites distributed with respect to the ages and strglisjier than late Torrejonian) for Big Bend before Standhardt's
graphic units? In the summaries in Tables 1 and 2, the dqgigge) research, which resulted in emphasis on the appropri-
sion to include sites yielding 10 and 50 catalogue numbelg, siratigraphic level, and culminated in bulk sampling and
respectively, was arbitrary. - , intense study of Dogie Site (Table 2) and discovery and pro-
The pattern of prqducnw'ty reflects both the discovery Qfessing at other early Paleocene, as well as Cretaceous sites.

fossil concentrations like Joe's Bonebed Conglomerate, whigh the microsites in floodplain fine-grained deposits, the one
resulted in a concentration of work at its level, and resear%St heavily worked by researchers from LSU was the Dogie
emphasis on segments of the section for scientific reasogge from which 3.3 metric tons were processed (Standhardt,
even if rich concentrations were not available. The Big BeR@gg) The high amount of material screened is reflected in
sites Joe’s Bonebed and Ray’s Bonebed remain the SOUth?r'i@'high number of Dogie Site specimens (Table 2).
m.ost.North American major sites for_ the late Paleo_cene The most productive (per weight processed) of the screen-
Tiffanian Land Mammal Age, so screening at both continuggly microsites in this part of the Big Bend section remains the

Gftst one worked, classic Joe's Bonebed Conglomerate, stud-

Bonebed was expended. This explains the relatively Small hefore the work at LSU began. Further search has yielded

numbers recovered at LSU from Joe’s Bonebed (Table 2) vefes in all relevant formations and members, but not faunas

sus the productivity from Joe’s collected prior to 1974. Joec)%longing to all NALMA'S. No definitely Clarkforkian ani-

DISCUSSION
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TasLe 2—Big Bend National Park Late Cretaceous through early Eocene microvertebrate sites which have produced over 50 catalogued
specimens based on material from Louisiana State University Museum of Natural Science (Geoscience section, LSUMG). r* Values fo
“total number of vertebrates” and for the following categories include fossils from surface search, screening, and gDatgjied.
locality information is on file in the Vertebrate Paleontology collections at LSUMNS.

Age NALMA Formation/ LSUMNS Lithology and Total Total Total Total Total
or Zone Member Vertebrate Depositional verts.*  fish, non dino. dinosaurs mammals
Locality Environment sharks, reptiles &
Name, (#) rays amphibians
Eocene Wasatchian  Tornillo- floodplain
Hannold Hill TT Jack’s (1) mudstone 76 2 7 0 66
Paleocene Tiffanian Tornillo/ conglomerate lens and
Black Peaks Joe’s Bonebed(3) floodplain mudstone 76 3 6 0 67
Tiffanian Tornillo/
Black Peaks Ray’s Bonebed(9) floodplain mudstone 77 12 32 0 33
Puercan Tornillo/
Javelina Dogie (108) floodplain mudstone
w. limonitic concretions 279 75 51 0 153
Tom’s Top(111) floodplain silts and fine
ss w/ limonitic concretions 96 11 31 0 54
Late
Cretaceous  Early- Tornillo/ Running Lizard(113) mudstone, fine ss, 93 34 38 7 14
Maastrichtian Javelina marls, prob. lacustrine
Late
Campanian Aguja Judy’sConglomerate carbonate-cemented 120 64 29 7 20
(140, 489) conglomerate; lag of

distributary channel

mals are known from outcrops stratigraphically between Jo&&smed nodules, like Joe’s Bonebed Conglomerate and the
Bonebed (clearly Tiffanian) and the first Wasatchian fossihlley Mountain conglomerates, have been collected. Locat-
sites (Schiebout, 1995). This contrasts with the more comg more such concentrations will continue to be a goal of
plete record for this interval in Wyoming. work in the Big Bend section.
Continued LSU field work has not located a single new
. . . . ; ACKNOWLEDGMENTS
major quarrying site for medium to large animals. TT-Jack’s ) . )
and Ray’s were previously known quarry sites of moderate Support was provided by the N_atlonal SC|e.nce Founda-
productivity of medium- and large-sized animals which aldipn under grant EAR 8216488] the Dinosaur Society, the LSU
became useful microsites, but nothing new equally prodd\gyseym of Geoscience Associates, the LSU Museum of thu-
tive for quarrying has been found, suggesting that initial sy Science, the LSU Department of Geology and Geophy_&_cs,
veys were very successful in locating concentrations of lar: Joe Schiebout. Work was conducted under Antiquities

vertebrate remains, and that these sites are rarer than the)'/A‘ﬁFéDerm'ts granted to the LSL,J Museum of Gelosuen.ce and
in more rapidly deposited rocks, such as the northern site LSU Museum of Natural Science. Conversations with col-

Wyoming and Montana. Slower deposition in Big Bend régagues, including Jill Har.tnell,. Thomqs Lehman, Earl Man-
sulted in more weathering and reworking of vertebrate r@'—ngj St(_aven Rapp, thherlne Rigsby, T'm Rowe, RobertSIpan,
mains and less frequent development and preservation of in Ting, Anne Weil, and John A. Wilson, have been im-

type of situations yielding quarryable bonebeds, which explaiﬂgrtam' Ruth H.ubert and threg anonymous reviewers are
the preeminence of microsites in the Big Bend Late crethanked for reading the manuscript and providing helpful com-
ceous through early Eocene interval. ments. Cooperation of U. S. National Park Service employ-

ees is much appreciated. Joe's Bonebed was named after Joe
CONCLUSIONS Schiebout, Ray’s Bonebed was named after Ray Alf, and TT
The Big Bend area, less thoroughly studied twenty yealack’s was named after John A. (Jack) Wilson.
ago than northern areas exposing Late Cretaceous to early

E_ocene rocks, |_n p.art pecause of lower richness and _nOdlfllEF;TNELL, J. A. 1980. The vertebrate paleontology, depositional
rich ancient soils in B',g Benld, was further from sediment environment, and sandstone provenance of early Eocene rocks
sources and more stratigraphically condensed. Although rela- on TomilloFlat, Big Bend National Park, Brewster County,
tively low in real “bonebed” style quarry sites, the Big Bend  Texas (MS Thesis). Austin, University of Texas. 174 pp.
section has yielded many useful microsites. Although not aliman, T. M. 1991. Sedimentation and tectonism in the Laramide
North American Land Mammal Ages (NALMA'S) are repre-  Tornillo Basin of west Texas. Sedimentary Geology 75:9-28.
sented, every Big Bend stratigraphic unit for the time sp&aep. S. D. 1983. Sedimentology and magnetic polarity stratigraphy
under consideration has microsites of consequence. Verte- of the Black Peaks Formation, Big Bend National Park, Brewster
brates have been recovered whenever concentrations of soil- gsunw, Texas (MS Thesis). Austin, University of Texas. 135
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A NEW VERTEBRATE FOSSIL LOCALITY WITHIN THE WAHWEAP
FORMATION (UPPER CRETACEOUS) OF BRYCE CANYON NATIONAL
PARK AND ITS BEARING ON THE PRESENCE OF THE KAIPAROWITS

FORMATION ON THE PAUNSAUGUNT PLATEAU

JEFFREY G. EATON, HEIDI MUNKano MEGAN A. HARDMAN
Department of Geosciences, Weber State University, Ogden, UT 84408-2507

AssTrRACT—Vertebrate fossils have been recovered previously from the stratigraphically highest Upper Cretaceous rocks on the
Paunsaugunt Plateau, just west of Bryce Canyon National Park. The fauna that was recovered includes dinosaurs, crocodilians,
turtles, herptiles, and a mammalian fauna of moderate diversity; however, no chondrichthians (sharks or rays) were recovered.
The rock sequence that produced the vertebrate fauna has been variously referred to either the Wahweap or Kaiparowits forma-
tions. The Kaiparowits Formation overlies the Wahweap Formation in their type areas on the Kaiparowits Plateau to the east.
Previous comparison of the mammalian fauna to those of the Wahweap and Kaiparowits formations supports correlation with the
latter. The relatively common occurrence of ceratopsian teeth, the Qatfpsemysalong with the absence of sharks also
suggests correlation with Kaiparowits Formation faunas. However, the fauna did not match well with that known from thet€aiparow
Formation and there was some concern at the time of the original faunal description that the fauna could representteefacies of
Wahweap Formation not previously sampled.

In the 1997 field season a locality containing abundant vertebrate fossils was located within the Wahweap Formation within
Bryce Canyon National Park. The locality has yielded fossils of mammals, dinosaurs, turtles, crocodilians, fish, andserptiles
well as invertebrates such as gastropods and ostracods. The mammals are more primitive than those recovered from tise Kaiparowit
Formation, and sharks and rays are abundant as they are in the type area of the Wahweap Formation. We have also significantly
increased sampling of the uppermost Cretaceous rocks on the Paunsaugunt Plateau and the additional material confirms the
distinct differences between this fauna and that of the Wahweap Formation. This data strongly suggests that the uppermost
Cretaceous rocks along the southern margin of the Paunsaugunt Plateau and Bryce Canyon National Park are equivalent to the
Kaiparowits Formation.

INTRODUCTION

BRYCE Canvon National Park is situated along the .
eastern margin of the Paunsaugunt Plateau, southwept- "m""l
ern Utah. The plateau is bounded to the east by the Paunsaugunt | =
fault system and to the west by the Sand Pass and Sevier fgult
systems (Figure 1) (Eaton et al., 1993). The southern margin
of the plateau is an erosional scarp formed above the
Skutumpah Terrace. The top of the plateau is formed by the
pink and white resistant caprocks of the Claron Formation ¢f
Early Tertiary age.

Below the colorful cliff-forming rocks of the Claron For-
mation is a problematic series of Upper Cretaceous rocks. The
Paunsaugunt Plateau contains less than half the thickness (ap-
proximately 900 m, Figure 2) of Cretaceous rocks that ale
present immediately to the east on the Kaiparowits Plate
(approximately 2000 m) (Eaton et al., 1993). Critical to inter
pretation of regional history and tectonics is why the Cretg-
ceous sequence on the Paunsaugunt Plateau is so much thirre
ner than that of the Kaiparowits Plateau. : "" CE— P

STRATIGRAPHY Ficure 1—Map of the Paunsaugunt Plateau area showing the major
The presence of the Dakota Formation, Tropic Shale, andaults, distribution of undifferentiated Cretaceous formations (Ku),
the Tibbet Canyon, Smoky Hollow, and John Henry Membersthe Claron Formation (CI), Tertiary basalts and other volcanics
of the Straight Cliffs Formation has been documented on thd 1®); Quaternary alluvium (Qa), and the area from which most of
the Cretaceous vertebrates have been recovered from the upper-

Paunsaugunt Plateau (Gregory, 1951; Eaton, 1993a; 1993?1;1ost Cretaceous rocks (indicated by the “1") and from the

Eaton et al., 1993). Difficulties arise in interpreting the equiva- Wahweap Formation (indicated by the “2”) (modified from Eaton,
lency of the uppermost Cretaceous rocks on the Paunsaugulbgsa). Outline of Bryce Canyon National Park is approximate.

36



EATON ET AL.—BRCA, NEW CRETACEOUS VERTEBRATE LOCAL 37

Ruiparnwits 'lutean  gnd Kaiparowits plateaus. Eaton et al. (1993) suggested sev-
s lal ——lekues  opa) possible scenarios that might preserve a remnant of the
| "~ Kaiparowits Formation on the Paunsaugunt Plateau. All of
these scenarios require a major unconformity within the Cre-
taceous sequence on that plateau that is either absent or unde-
Fsuniaupuni Flarcnu Y T tected on the adjacent Kaiparowits Plateau.
| M mknraf frew An attempt to compare the mammalian fauna recovered
] T T from the uppermost Cretaceous rocks of the Paunsaugunt Pla-
H — .. - ' . teau to faunas from the Wahweap and Kaiparowits formations
I on the Kaiparowits Plateau yielded equivocal results. Eaton
| Mot e (1993a) tentatively suggested that the fauna recovered from
‘ . | — the uppermost Cretaceous rocks of the Paunsagunt Plateau

correlated more closely to the fauna of the Kaiparowits For-
_ o _ _ mation rather than that of the Wahweap Formation. There
| , o was some concern at the time as to whether the fauna might
|_ - represent a more upland facies of the Wahweap Formation
N than had been sampled on the Kaiparowits Plateau.

e

VERTEBRATE FAUNAS

. . . . . . Vertebrate localities are common throughout the Creta-
Ficure 2—A preliminary interpretation of a generalized stratigraphic he P Pl “h
section on the Paunsaugunt Plateau (see Eaton et al., 1993,C§ﬁﬁ"s sequence on the Paunsaugunt Plateau; however, access

Eaton, 1993a, for other interpretations) compared to the sectigrExtremely limited due to localities occurring on cliff faces

on the adjacent Kaiparowits Plateau (based on Eaton, 1991). dak from roads. As a result, few localities have been screen-

the stratigraphic position of localities within the Kaiparowits(vashed for vertebrates.

and Wahweap formations of the Paunsaugunt Plateau are indi- Vertebrates have been recovered from the Dakota Forma-

cated. tion along the western margin of the plateau near the town of
Alton and the mammals recovered from that locality (Mu-
seum of Northern Arizona Locality 939) have been described

Plateau. Gregory (1951) was unable to distinguish the Strai%Faton (1993b, 1995).

Cliffs Formation. from the Wahwean Formation and mapped No vertebrates have been recovered from the Smoky Hol-
) ) P PPYSW Member of the Straight Cliffs Formation around the mar-
them as a single unit (Ksw). Gregory (1951) placed a con-

LI : ns of the plateau, but vertebrates have been recovered on the
glomerate high in the Cretaceous section at the base of the . . oo i

: i : : : . nearby Kaiparowits Plateau (Cifelli, 1990a; Eaton, 1995). Fos-
Kaiparowits Formation and considered it to lie unconformabéY

on top of the combined Straight Cliffs-Wahweap formationsls are relatively common from stratigraphically higher rocks

(Ksw). Overlying the conglomerate are gray and variegat%@“ous'y interpreted to represent the Straight Cliffs or

mudstones and sandstones that Gregory included, along Wlﬁlhwee.lp formations, particularly in the area of Bryce Can-
: ) . > yonh National Park (Eaton, 1994). There is no road access to
the basal conglomerate, in the Kaiparowits Formatio:

Doelling and Davis (1989) also maintained that Y of these localities as most are h|_g.h on r.oadless cliff faces.
: . N lﬁs such, surface collection of crocodilian, dinosaur, and turtle
Kaiparowits Formation is present on the Paunsaugunt Pl

a- : ; .
teau (and to the west) and suggested that the Straight C ifLap are common, but small, blostra_mgraphlcally u;eful ma
L . . terials have not been recovered until recently. A single test
Formation is very thin (30-80 m) on the plateau but provide . MU
S : g Screen-washing of a small sample from a locality within Bryce
no justification for this hypothesis.

Bowers (1990) and Tilton (1991) suggested that the COan_amyon National Park yielded microvertebrate fossils includ-

glomerate did not represent an unconformity at the base of e d partial upper molar of a marsupial (Eaton, 1994). Dur-

Kaiparowits Formation, but rather the uppermost member' 3 the 1997 field season, a locality was discovered in the
the Straight Cliffs Formation, the Drip Tank Member, Whicp/lahweap Formation within Bryce Canyon National Park (Utah

useum of Natural History Vertebrate Paleontology (=UMNH

can be conglomeratic on the Kaiparowits Plateau (Eat . . o .
1991). Both Bowers (1990) and Tilton (1991) suggested tﬁﬂ?) Locality 77). Thls locality is conSIdereq to represent the_
. : . ahweap Formation rather than the Straight Cliffs Forma
the beds immediately overlying the conglomerate belong to . : :
the lower part of the Wahweanp Eormation rather than to Hhe because there is no evidence of the brackish water or coal
Kai arowitz Formation. This ispcertainl the most arsimonl-eF)OSitS that characterize the Straight Cliffs Formation, the
P : y P destone sequences (floodplain deposits) are proportionally

ous explanation as it requires only a single erosio ) : :
P q y 9 NRicker relative to sandstones as in the Wahweap Formation

unconformity prior to deposition of Tertiary rocks. in its type area on the Kaiparowits Plateau, a thick conglom-
Goldstrand (1994), Goldstrand et al. (1993), and Eatgpate that appears to be equivalent to the Drip Tank Member

et al. (1993) suggested that the Kalparowns_ Formation mcE the Straight Cliffs Formation is present at the base of the
be present on the plateau based on comparisons of sandstone

petrology between the uppermost rocks of the Paunsaugsuerﬁt'on' and the area of the locality (Campbell Canyon) was
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mapped as the Wahweap Formation by Bowers (1990). The material discovered to date from this uppermost Cre-
Eighteen sacks of matrix were hauled by backpack fraaceous unit does not include a single shark or ray tooth. The
this locality and processed. At the time of this writing most @iirtle Compsemyss relatively abundant as are ceratopsian
the concentrate has been picked, but there has been relatitesdth. Only the mammals have been studied in detail and the
little taxonomic study. The material recovered to date includést presented in Table 2 is essentially the same as that pre-
the teeth of mammals (a pediomyid marsupial andsanted in Eaton (1993a). Differing from the original faunal
multituberculate with teeth smaller than, but morphologicallist is the question mark precedi@gmexomys gregoryEaton
similar to, those o€imolodon simili§ dinosaurs, sharks, rays,(1995) noted the similarity of this taxon Bryceomysde-
fragmentary jaws and postcrania of herptiles, and shell materibed from the Smoky Hollow Member of the Straight Cliffs
rial of turtles (Table 1). These fossils will be accessioned ifformation. More material of the Paunsaugunt Plateau taxon
the collections at the Utah Museum of Natural History.  would be required to confirm this synonymy. Art Mcently
The vertebrate fauna described by Eaton (1993a) is froecovered strongly suggests the presend@rgEeomysn the
the top of the plateau in an erosional window cut through tfaeina and compares closely to MNA (Museum of Northern
Claron Formation into the uppermost Cretaceous rocks (FAgizona) 7042 from the Kaiparowits Formation.
ure 1). Approximately 2,000 kg of matrix were processed for FAUNAL AGE AND CORRELATION
microvertebrates during the 1988-1989 field seasons. The ) o )
fauna includes material of dinosaurs, herptiles, and mammals, 11€ material from the new Wahweap locality is consis-
which are housed at the Museum of Northern Arizona, Fid§nt With previous known localities from the Wahweap For-
staff (mostly from MNA localities 1073 and 1074). An adgimation of the Kaiparowits Plateau (see Eaton, Cifelli et.aI:, in
tional 4,000 kg was processed during the 1996-1997 field sBEESS)- Sharks and rays are abundant. The rays are similar to

sons and will be accessioned into the collections at the Utah
Museum of Natural History in Salt Lake City (mostly from
UMNH VP Locality 83, the same locality as MNA 1073, but

also from two new localities UMNH VP Locs. 61 and 84)48Le 2—Vertebrates from the uppermost Cretaceous rocks of the

Much of this new material remains to be picked and studiedPaunsaugunt Plateau.

TaeLE 1—Vertebrates from the Wahweap Formation (UMNH VP Loc.

77), Bryce Canyon National Park.

Class Chondrichthyes
Order Orectolobiformes
Family
Ginglymostomatidae
Squatirhinasp.
Squatirhina
americana
Order Rajiformes
Family Rhinobatidae
cf. Myledaphussp.
Family
Sclerorhynchidae
cf. Ischyrizasp.
Family indet.
Ptychotrigonsp.

Class Osteichthys
Order Lepisosteiformes
Family Lepisosteus
Lepisosteusr
Astracosteusp.
Order Amiiformes
Family Amiidae
Amia sp.

Class Amphibia
Order Urodela
Family
Scapherpetontidae
Scapherpetorsp.

Class Reptilia
Order Chelonia
Family Pleurosternidae?
Compsemysp.
Order Squamata
Infraorder Scincomorpha
Family Teiidae
Chamops segnis
Family Scincidae
Contogenysp.
Order Crocodylia
Subclass Dinosauria
Order Saurischia
Suborder Theropoda indet.
Order Ornithischia

Family Hadrosauridae indet.

Family ?Ankylosauridae
indet.

Class Mammalia
Order Multituberculata
Family Neoplagiaulacidae
cf. Mesodmasp.
Family Cimolodontidae
Cimolodonsp.
Order Marsupialia
Family Pediomyidae indet.
Family Alphadontidae
cf. Alphadonsp.

Class Osteichthys
Order Lepisosteiformes
Family Lepisosteus
Lepisosteusr
Astracosteussp.
Order Amiiformes
Family Amiidae
Amiaor Melviussp.

Class Amphibia
Order Urodela
Family Scapherpetontidae
Lisserpetorsp.
Family Sirenidae
Habrosaurussp.

Class Reptilia

Order Chelonia
Family
Pleurosternidae?

Compsemysp.

Order Crocodylia

Subclass Dinosauria

Order Saurischia
Suborder Theropoda

indet.

Order Ornithischia
Family Hadrosauridae
indet.

Family Ceratopsidae
indet.

Class Mammalia
Order Multituberculata
Suborder Ptilodontoidea
Family

Neoplagiaulacidae
Mesodmasp., cf.M.
formosa
Mesodmasp., cf.M.
hensleighi
Mesodmasp.

Family Cimolodontidae
Cimolodonsp., cf.C.
nitidus
?Cimolodonsp.

Family Cimolomyidae
Cimolomys
milliensis

Family ?Cimolomyidae

indet.

Suborder and Family
incertae sedis
2Cimexomys
gregoryi
Paracimexomysp.
Order Symmetrodonta
Family Spalacotheriidae
Symmetrodontoides
foxi
Order Marsupialia
Family Alphadontidae

Alphadonsp., cf.A.

wilsoni

Alphadonsp., cf.A.

russelli

Alphadonsp., cf.A.

attaragos

Turgidodonsp. indet.

cf. Turgidodonsp.
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the species ofyledaphusfrom the Kaiparowits Formation have an older record (Wolfe et al., 1997), they are not found
but appear to be more primitive. There is another taxon of immmonly in this region until after deposition of the Wahweap
informally referred to as “smile button” which is known fronf-ormation. Also the occurrence of the salamahiddarosaurus
the Wahweap Formation, but not the Kaiparowits. The turfiem the uppermost beds on the Paunsaugunt Plateau sug-
Compsemyis present, but rare relative to other turtles, wheregssts a Late Campanian age (Kaiparowits equivalence) as this
Compsemyis a common element of Kaiparowits faunas. Thealamander is not known from older rocks.
mammals are similar to those known from the Wahweap, par- So in the years that have followed the original descrip-
ticularly the specimen ofimolodon The single pediomyid tion of the fauna from the uppermost Cretaceous beds of the
tooth is a deciduous fourth premolar and compares almost ideaunsaugunt Plateau (Eaton, 1993a), the age of this fauna
tically to a tooth recovered from the uppermost Cretaceatdl remains somewhat equivocal but the specimens recently
beds on the Markagunt Plateau interpreted to be either latesbvered more strongly indicate an equivalence of this fauna
Santonian or earliest Campanian in age (Eaton, Diem et t.that of the Kaiparowits Formation .
in press). Nothing like this odd pediomyid tooth is known In the 1997 field season we resampled the uppermost
from the Kaiparowits Formation. Cretaceous localities on the Paunsaugunt Plateau and plan to
Eaton (1993a) considered the fauna from the uppermistrease our sampling of the Wahweap Formation in Bryce
Cretaceous rocks of the Paunsaugunt Plateau to be more clgSalyyon National Park over the next several field seasons. It is
equivalent to Kaiparowits (most closely correlative to theoped that this continued work will provide final resolution
Judithian Land-Mammal “Age”) than to Wahweap (modb the question of the presence or absence of the Kaiparowits
closely correlative to the Aquilan Land-Mammal “Age”) fauFormation on the Paunsaugunt Plateau.
nas. The species 8iphadonandMesodmappear to be even The thinning of the Cretaceous section across the
younger than those known from the Kaiparowits FormatioRaunsaugunt Plateau remains somewhat of a mystery. The thin-
Unfortunately, many of these species are based primarily ming occurs 130-150 km from the thrust belt and may reflect a
size and it is now clear (see Eaton, Diem et al., in press) thladrt wavelength forebulge associated with a zone of crustal
species ofAlphadonandMesodmaappear to have had a wideveakness (Eaton et al., 1997); however, this is only one of
range of sizes throughout the Late Cretaceous and that siemy possible hypotheses and further work is needed.
alone is not a reliable taxonomic guide. Two new specimens
(M1s) of MesodmgUMNH VP 6789, 6794) compare closely , )
to specimens from the Kaiparowits Plateau specimens (MNA A néw locality from the Wahweap Formation of Bryce
V5291 and V7525 respectively) and are similarMo Canyon National Park has proquced gfauna typical of the
hensleighi,also supporting correlation to the Kaiparowit¥/ahweap to the east on the Kaiparowits Plateau. The fauna
Formation.Turgidodonwas described from the Kaiparowit<CONntains abundant sharks and rays, mammals, and other taxa
Formation by Cifelli (1990b) and is unknown from th&onsistent with an interpretation of an I_Early Campanian age
Wahweap Formation. Its presence strongly supports Corré%pp[oxmately correlative to the Aquilan Land Mammal
tion of the fauna to that of the Kaiparowits Formation. A re/\9€")- Most of the vertebrates previously recovered from

cently recovered upper molar thaTiggidodonlike (but lacks the Paunsaugunt Plateau were from the stratigraphically high-

stylar cusp C: B and D are subequal) compares closely tc€5h Cretaceous rocks on the plateau. This fauna appears to be

undescribed Kaiparowits Formation molar (Oklahoma MEOrrelative to those of the Kaiparowits Formation (approxi-
seum of Natural History (<OMNH) 23320). This indicates R1ately correlative to Judithian Land Mammal “Age” ) based
diversity ofTurgidodonlike taxa in the uppermost Cretaceou€n comparison of the mammalian and herptile taxa to those

of the Paunsaugunt Plateau which would not be expecteg‘?f“ the.Kalparowns Formation, the occurrence of abundant
this unit represented the Wahweap Formation. ceratopsian teeth along with the common occurrence of the

The presence dBymmetrodontoides foririginally ar- turtle Compsemysand the absence of sharks or rays. Contin-

gued strongly against correlation to Kaiparowits faunas 4&d Work on these sequences should produce final resolution
symmetrodonts were completely unknown from th@' this problem over the next few years.
Kaiparowits Formation and the type of this species was recov- ACKNOWLEDGMENTS

ered from the Wahweap Formation. However, a single The National Park Service, particularly Richard Bryant,
symmetrodont tooth (probabljymmetrodontoidg$ias now onq the Bryce Canyon Natural History Association under the
been reported from the Kaiparowits Formation (Eaton, Cifefjjjiqance of Gayle Pollock, have aided our research within
etal. in press). Bryce Canyon National Park. The U.S.D.A. Forest Service,
The complete absence of sharks and rays suggests the s jarly Marion Jacklin and Carlton Guillette, have been
way was well to the east. The sea was at its greatest diStapee heipful in all aspects of our research on the Paunsaugunt
from the area (during the time represented by Cretaceous s au. Jared Morrow, Patrick Goldstrand, Terry Tilton,
on the Kaiparowits Plateau) during deposition of thgsjiam Bowers, and Ed Sable have all made contributions to
Kaiparowits Formation and sharks are unknown from that, nderstanding of the plateau. The Petroleum Research Fund
formation except from near the base. Teeth of ceratopsian fime American Chemical Society (30989-GB8) and the Bryce

nosaurs are relatively common in the uppermost Cretacegys,yon Natural History Association are funding our current
beds of the Paunsaugunt Plateau. Although ceratopsians {g¥ on the plateau.

CONCLUSIONS
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A PRELIMINARY REPORT ON LATE CRETACEOUS HERPTILES WITHIN
OR NEAR BRYCE CANYON NATIONAL PARK, UTAH

HEIDI MUNK
Department of Geosciences, Weber State University, Ogden, Utah 84408-2507

AssTRACT—A research project was started in 1997 to determine if the Kaiparowits Formation (Upper Campanian) is present in
Bryce Canyon National Park. Previously known localities from beds thought to represent the Kaiparowits Formation were
resampled and a new locality has been found in the Wahweap Formation (Lower Campanian) of Campbell Canyon in Bryce Canyon
National Park. The herptiles that have been recovered from the Wahweap locality are compared to herptiles recovered from the
stratigraphically highest Cretaceous beds of the Paunsaugunt Plateau. The presence of a Late Campanian salamander,
Habrosaurus suggests correlation of the uppermost beds to the Kaiparowits Formation.

Eaton (1993) and Eaton et al. (1993) (Figure 1).

o ) ) i Gregory (1951) identified the Kaiparowits Formation as

I N AN effort to determine if the Kaiparowits Formation, osent on the Paunsaugunt Plateau. Bryce Canyon National
(Upper Campanian) is present in Bryce Canyon Nationgly occupies the eastern margin. Subsequent work has

Park, I, with the help of a few colleagues, have undertakena,{h"enged Gregory's assessment. Doelling and Davis omit

undergraduate research project in Bryce Canyon Natioggl, tormation in their 1989 map, as does Bowers in his 1990

Park (beginning in 1997) and on the top of the Paunsaugyiily (toliowing the work of Tilton, 1991). Eaton et al. (1993)

Plateau, in the area of Podunk and Mill creeks, to compajigy aton (1993) have, based on both sedimentological and

fossils from the Wahweap Formation and from units that haﬁsleontologic data, suggested that at least some of the

been considered to represent the Kaiparowits Formation IPXiparowits Formation may be present on the plateau (and
within Bryce Canyon National Park) (Figure 2).

A new locality was recently discovered in the Wahweap
Formation of Campbell Canyon within Bryce Canyon
National Park (Figure 1). The herptile fossils (lizards, frogs

INTRODUCTION

Paunsaugunt Plateau

Unit Thickness| Locs.

Tertiary rocks
Raiparowits Fm) 0-90m | 61, 83
conglomerate 10-70'm

Wahweap Fm. 100 m T3
Straight Cliffs 270 m

Fm.
Tropic Shale 213 m
] il il i 4‘0 kT
Dakota Fm. B4 m

Ficure 1—Map of the Paunsaugunt Plateau area showing the major
faults, distribution of undifferentiated Cretaceous formations
(KU), the Claron Formation (Cl), Tertiary basalts and other
volcanics (Tb), Quaternary alluvium (Qa), and the area from
which most of the Cretaceous vertebrates have been recovered o ) ) ) )
from the uppermost Cretaceous rocks (indicated by the “1”) afi¢fURE 2—A preliminary interpretation of a generalized section of the
from the Wahweap Formation (indicated by the “2") (modified Paunsaugunt Plateau (based on Eaton et al., 1993, and Eaton,

from Eaton, 1993). Bryce Canyon National park boundaries arel993). Only the stratigraphic position of localities discussed in
approximate. this report are indicted.

Jurassic rocks
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and salamanders) that have been recovered to date from bathlogue number 3944) (Figure 3D) has been identified as
the uppermost Cretaceous rocks on the Paunsaugunt Pla@aler Squamata, Infraorder Scincomorpha, Family Teiidae,
and the new locality from the Wahweap Formation will bEhamops segniéeqin and Fox, 1996). The specimen is an
compared to taxa known from the Kaiparowits Formatiomcomplete left maxillary. The specimen had six well-
The resulting identifications will be used to help determine tipeeserved tricuspid teeth which show some wear. The teeth are
absence or presence of the Kaiparowits Formation on glightly recurved posteriorly with tooth replacement pits at the
Paunsaugunt Plateau. bases of the teeth.
Specimen UMNH VP 6994 (NPS accession number 417,
i . ) catalogue number 3946) (Figure 4A,B) is identified as Order
The field localities were Campbell Canyon in Bryceqy amata, Infraorder Scincomorpha, Family Scincidae,
Canyon National Park and areas near Podunk an_o! Mill Cre%’ﬁ%family Scincinae, Contogenys sp. There are three
on the Paunsaugunt Plateau (Figure 1). We identified poss{flg, pjete teeth on the jaw with the bases of three teeth showing

localities for sampling and collection by examining thg o gh the attached matrix. The cusps of the teeth are
ground surface for pieces of jaw, tooth (mammal or fish), boR€stened on the top.

scale and/or turtle shell. When fossils were found, we located Specimen UMNH VP 6995 (NPS accession number 417,

the producing layer by looking for the highest occurrence &:fltalogue number 3947) (Figure 4D) is a jaw fragment
the fossils. We then carefully removed the surface matrixiQtniified as Order Caudata. Suborder Ambystomatidae
the layer in question and examine the exposed matrix for 3Wmily ScapherpetonidaBcapherpetosp. The jaw is broken

fossils. Samples were shoveled into bags, labeled, and thaNhe |abial side so any other distinguishing features of
carried back to base camp for washing. The matrix was thef,cjes are missing. There are locations for nine teeth on this

poured into nested double screens for drying in the sun befé’ﬁ@cimen.

the first wash. When dry, the double screens were placed in ot yMNH VP locality 61, from the stratigraphically

troughs of water for breakdown of the clays and silts by th8,ermost Cretaceous rocks on the Paunsaugunt Plateau near
water. The top screen is a coarse window screen mesh gl creek, bones and teeth representing fish, crocodiles,
allows the small fossils to wash through to the bottom scre§fosaurs. turtles and mammals have been found. Herptile
which is a finer mesh. Large fossils were retained in the Up&is;s include vertebrae and jaw fragments of lizards, frogs,
screen as are any remaining large chunks of matrix. Smallgh sajamanders. At this locality, specimen UMNH VP 7365
fossils and pieces of matrix were collected in the finer SCre@figure 4C) was found. The specimen is identified as Class
With gentle agitation of the screens, the clays and silts WelRphibia, Order Urodela, Family Sirenidaglabrosaurus

washed from both of the screens and into the troughsgp 5 fragmentary tooth plate. The specimen has seven to eight
prevent redeposition of the finer particles. After each layer o< of teeth in the fragment.

screen had been individually agitated, the screens were placedas  ypNH VP locality 83, also representing the

in the sun to dry. After drying for the second time, the SCreeliatigraphically uppermost Cretaceous rocks on the
were nested and washed again as above. After the second Wﬁ%saugunt Plateau near Mill Creek. tooth and bone

and dry, the fine screens were emptied into a common bu bments of hadrosaur and fish have been found. Jaw

and the coarse screens were emptied into another commontyents representing lizards and salamanders were found
separate bucket. The matrix was then taken to Weber S[glgs a10ng with mammal and crocodile teeth as well as
University (Ogden, Utah) for removal of fossils. The matri,yments of turtle shell. Gastropods and ostracods are also
was then spread a little at a time on a picking tray, and thefiqent at this locality. Present in the material are vertebrae
examined under a microscope for fossils. The fossils 38, class Amphibia, Order Urodela, Family
removed with tweezers and sorted taxonomically into ViaISScapherpetonidaEisserpet(;rsp. (UMNH VP 6986) (Figure
RESULTS 3A-C). Several other similar specimens have also been found.

At present, the results are few. The concentrated matfige distinct triangular outline of the atlantes and the half
has not been completely picked. There have been few spedfifdnd shape of the centrum are diagnostic of the genus (Estes,
identifications of the recovered fossils and this process]1'%81)' The r.|b-b§aar_|ng part of the vgrtebrae is bicipital. The
currently in progress. The specimens have been grouped [Htgra! arch is missing from all specimens.
general taxonomic categories (e.g. crocodiles, mammals, fish, DISCUSSION

etc.). Although herptile jaws are being found, intact tpe perpiile jaws that have been recovered are most often
specimens are rare. The identifications made here are g nyious, but occasionally there are teeth in them. The jaws
jaws that have complete teeth in place and relatively complgig,e peen identified to order on the basis of the shape of the
vertebrae. _ _jaw and whether it has a tooth bearing ridge (lizards), is
At the newly discovered Campbell Canyon localit\,ntinyously rounded with the teeth resting on the rounded
(Wahweap Formation) in Bryce Canyon National Paflf,q,a) surface of the jaw as opposed to the shelf
(UMNH VP Loc. 77), teeth have been found representingaiamanders). If the jaw is relatively flat with a textured labial
sharks, rays, crocodiles, fish, mammals as well as j@e having the small ridges of the teeth then it is from a frog.

fragments of lizards, salamanders and frogs. In the picked fragments of bone material from all of the
Specimen UMNH VP 6992 (NPS accession number 417,

METHODS
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Ficure 3—A-C, Lisserpetorsp. atlas vertebrd, Chamopssp. UMNH VP 6992. Scale bar = 1 mm..

localities discussed above, there are bone fragments thakes them poor for boistratigraphic correlation.
would seem to indicate similar taxa are present in the different
localities. The Campbell Canyon locality (Loc. 77), in the ) . L
Wahweap Formation, is distinctly different from the The presence of the Kaiparowits Formatl_on is suggested
stratigraphically uppermost Cretaceous beds on the platB¥y the occurrence of the Late Campanian salamander
because sharks and rays are present at this locality. Fragmidyosaurus(Figure 3C). Identification of the Kaiparowits
of frogs and salamanders are common to all three localitids2rmation within Bryce Canyon National Park will influence
The Habrosaurusspecimen (UMNH VP 7365) from the way maps of the p:?\rk are dravx_/n in the future. O_ur
UMNH VP locality 61, is important because the salamander4@derstanding of the environmental history of the park will
only know from Late Campanian and Maastrichtian rockacrease as the fossils from the area help to develop a picture

(Estes, 1964). The fossil suggests that the uppermost rock@oihe area in the Cretaceous. Our understanding of the

the plateau are equivalent to the Late Campanian KaiparoWifiience of the Western Interior Seaway on nonmarine rock
guences and animal life of the past will increase with future

Formation rather than the Early Campanian Wahwe§
Formation. The occurrence ldbrosaurusnay be a potential StUdy-
marker fossil in the region making biostratigraphic ACKNOWLEDGMENTS
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Ficure 4—A-C, Lisserpetorsp. atlas vertebraD, Chamopssp. UMNH VP 6992. Scale bar = 1 mm.
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AN OCCURRENCE OF REPTILE SUBAQUEOUS TRACES IN THE
MOENKOPI FORMATION (TRIASSIC) OF CAPITOL REEF NATIONAL
PARK, SOUTH CENTRAL UTAH, USA.

JAMES MCALLISTER ano JOHN KIRBY?
Biology Department, Indiana University of Pennsylvania, Indiana, PA 15701
2Biology Department, Mansfield University, Mansfield, PA 16933

AssTrRACT—Capitol Reef National Park has been long known for the occurrence of fossil reptile tracks and traces. Recent explo-
ration in the park has revealed new sites of subaqueous traces within the Triassic Moenkopi Formation. Previous workers noted
subaqueous traces but could not identify consecutive traceways or provide as complete an account of recognition criteria as the
new material allows. A brief description of the new sites are provided here. The sites are important because they are either
extensive and assessable (providing excellent sampling opportunities), or have consecutive subaqueous traces of a $ingle buoyan
tracemaker. The new material increases the recognition criteria with information about kick-off scours, z-traces, and variably
preserved traces.

sion of layers deeper than the original substrate surface) as
. evidenced by primary structures on the trace (features created
H ISTORICALLY FossiL tracks have been treated as noveltigsy, girect contact of the sediment by the tracemaker; example:

~ lof passing interest, or as a footnote in the context ofgiations) and occurrence at a discontinuous sediment inter-
site report. When reported, tracks were typically the best gxzq

amples found and rarely included mention of average or poor gie 1 is a low ridge, at approximately the 5560 ft. con-

quality tracks. Ambiguous tracks and traces (such as sybyy; The site curves from the southeast to the southwest ap-
aqueous forms) were rarely acknowledged. Papers by Pea imately 87 meters and broadens into a wide slope. The
(1948, 1956) and Lammers (1964), along with an abstract Byye is west of the Headquarters/Visitor Center, bounded on
Webb (1980) are exceptional. They describe and provide Ws east and south by Sulphur Creek. The trace layer studied
derstanding to some poor[y preserved traces considered to havg,is site covers approximately 297 sq. m. of surface area
been prodqced by swimming tetrapods. These reports are SQM§ has a strike and dip of 30° NW and 12° NE, respectively.
of the earliest references of fossil subaqueous traces. Thgsgis |ocation four smaller study sites were chosen and these
authors found their samples in the Moenkopi Formation withifa, .tigns of the trace layer were flipped for study. The surface
and adjacent to Capitol Reef National Park, south-central Utal oo of flipped rock at each of these sites are: Site 1a = 3.38
Previous contributions are important and progressive, tg.‘ldt m., Site 1b = 5.0 sq. m., Site 1c = 2.0 sq. m., Site 1d = 1.42
reevaluation is necessary and expe_cted with advances in mgah-m_ Numerous large traces occur at each site, and are abun-
ods, context, and when new specimens are found. Peabgdlyi oyer the entire ridge exposure. No individual traces can
serves as an excellent example of research which emphasigedssigned to specific traceways due to the trace density. The
rigor in understanding locomotory processes applied 0 dgsne blocks were arranged downslope in the mirror image
scriptive morphology. With that basis, behavioral interpretgs their original orientation and aligned to their original com-
tions now have become the focus of trackway workers, eSBSss bearing. The blocks were cleaned, photographed, and

cially since the publication of Ostrom (1972).  The emphagi§mples of the surface duplicated by latex molds. The blocks
of our paper is to add to the Capitol Reef National Park (CARE), 1o subsequently restored to their original position.

vertebrate trace fossil story in two ways. Firstwe can increase gjie 2 is a broad slope about 1/4 mile due west of Site 1
further the criteria to corroborate subaqueous interpretatiogﬁ)'ng Route 24. This location includes both large and small

second, we can document sites which we do not believe prgizes  They are plentiful but less numerous than Site 1; indi-

ous authors studied. vidual traceways are scarce. Site 2 was not as well documented
MATERIALS AND METHODS as the others. Study was limited to exposure of the undersurface
Localities—Three study sites are within the boundari¢§ find local areas of future interest. Pictures and latex molds

of CARE. The sites are in the Torrey Member of the Moenkdfif™® made of selected displaced slabs which could not be ori-
Fm. and are estimated to be late Scythian (Spathian)(HinZtedin situ , , ,
1988). All contain examples of subaqueous traces formed b Site 3 is located approximately 2.5 miles west of Site 2 )
tetrapods. Traces occur as sandstone casts which filled in3ig then south of Route 24 near a dry streambed. The fossil
impressions (molds) found in the underlying mudstone. TR IS at the base of a small cliff where a number of large
mudstone is friable and crumbles upon exposure. The traBlQcks have fallen. The traces at this site are on two large
are not underprints (secondary structures created by comppé%(-:ks whose original orientation and placement within the

INTRODUCTION
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nearby outcrop are unknown. There are over 40 traces on@HRE were especially important in documenting subaqueous
two blocks which include two distinct traceways. Thedeaces. Although there was no specific listing of recognition
traceways and remaining traces were made by a relatively largteria, the important characteristics they used to justify their
tracemaker similar in size to those at Site 1. The two disterpretations can be interpreted from their writings. Peabody
placed large blocks of Site 3 were gridded for analysis uswgs impressed by the lack of distinctiveness of the “swim”
chalk lines at intervals of 25 by 25 cm. A Plumb BarbMa traces. The lack of definitive series (trail continuity), poorly
(computer-enhanced plumb bob) was used to create an ariéifined imprints that appeared as if digit tips formed the traces,
cial base line for this grid. No directional orientation is imand the corroboration of the physical environment were im-
plied by the base line. The individual traces of each tracewayrtant to his interpretation. Salt crystal pseudomorphs, shrink-
were then photographed and described. The traceways on bgthcracks, and ripple marks occur elsewhere in the park sedi-
blocks were duplicated using latex peels. ments but not near the “swim” traces.
RESULTS The sedimentary criteria that form the environmental in-
Site 1-A hodgepodge of traces oriented to the soutterpretation should agree with the expected environment of
west: no discernible traceways are apparent. All traces tre trace fossils. For example, the lack of salt pseudomorphs,
subaqueous and large. Marks of individual traces range frehminkage cracks, and ripple marks were considered impor-
8 - 20 mm at greatest width and 21 - 90 mm in axis lengthnt to Peabody (1956). He used these characters to refine his
Most trace prints range from one to three digit impressionsitial subaqueous track paleoenvironmental interpretation as
Site 2—Orientation is not apparent for all traces. Mangne which did not undergo subaerial desiccation. Peabody
small traces exhibit subaqueous characteristics. Larger trad€66, pg. 738) also considered the traces to have been made
are indistinct and lack features that indicate subaqueous fara particular environment, “...shallow but extensive pools
mation. Variation in sandstone thickness and block size makés floodplain.” However, observations of current produced
this site less amenable to flipping and reconstruction of lowaadimentary features (especially at Site 3), the offset nature of
surface. A few large traces are present but the majority acene traceways (Sites 2 and 3), and the presence of ripplemarks
small. The small traces consist of marks from one, two (@ite 2) indicate a need to reevaluate the specific environmen-
three digits. Single digit traces can have a width of 3-4 mal interpretation as one which was highly influenced by cur-
and a length of 18 mm. The three-digit traces can have greatts. Although the sedimentary evidence indicates a sub-
est width and axis length of 11 mm and 21 mm, respectivedguatic environment in general, and is consistent with the
Site 3—Two traceways are recognized. The original orevidence of the traces, each individual character can be used
entation of the trace block is unknown but each tracewayinsthe interpretation of a variety of environments which un-
oriented at 40 degrees to the apparent direction of the currdetwent similar processes. Sometimes the characters may not
Both traceways have evidence of locomotion by all four apimply be a checklist but rather may build several lines of
pendages. One traceway, composed of 13 traces, has timdependent evidence which together corroborate an interpre-
z-shaped traces. The individual z-traces, appear to be forrtetn.
from the action of one digit and have a greatest width and In addition to evidence from the tracks and evidence re-
total axis length of 41 mm and 87 mm, respectively. Malstting to the depositional environment, Peabody also mentioned
associated marks have two digits associated with the trace amdssociation of a limuloid trackway with subaqueous traces.
have total trace greatest widths and axis lengths of 57 riilve presence of this traceway enhances the interpretation of
and 114 mm, respectively. The second oriented tracewayhis proximity of an aqueous environment for the CARE
composed of 20 traces. Moenkopi Formation.
DISCUSSION Lammers (1964) provides additional recognition criteria
Vertebrate subaqueous traces described in the literatimeCapitol Reef subaqueous traces. He noted that individual
occur as sandstone casts that had filled imprints preservettaces had striations caused by scales and nails which obscured
underlying mudstone. Exposed traces occur on the underggpected track details. Overhangs along the posterior of the
of resistant sandstone ledges where the mudstone eroded atnaes would be unusual for non-buoyant tetrapods. Further,
This typically makes the traces difficult to examine as it réhe general confusion of the traces, lack of full foot impres-
quires removal and flipping of the sandstone layer to expasens, the abnormal elongation and smearing of the traces,
the traces. At CARE the concordance of stratigraphic dip dadk of consecutive series, randomness, disorder, and overlap-
hillside slope (forming a small hogback) combined with tha@ng indicated to Lammers random swimming movements.
lateral extensiveness of the trace-bearing sandstones allowsMcAllister (1989) listed subaqueous features which can
sampling along a large uninterrupted surface. Furthermdpe, separated into three categories: criteria inherent to indi-
the sandstone is jointed and the underside can be exposedidyal traces, criteria inherent to sequential traces, and cor-
flipping blocks which are neither so small that there is desborative evidence from sediments/paleoenvironment. The
struction of many traces, nor too large to require excessoraracters used to distinguish subaqueous traces are consid-
physical effort. These factors combine to make these localied to be easily made by a buoyant paddler, but unlikely to be
ties extraordinary. A large exposure can be sampled by teansistently made during normal terrestrial locomotion. The
people equipped with handtools. descriptions of the subaqueous traces by Peabody and Lammers
Prior work by Peabody (1956) and Lammars (1964) aere examined and interpreted to correspond to our list of
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TasLe 1—Criteria helpful for subaqueous interpretation.

Individual Traces
reflecture of digits
depth/arc
elongation
posterior overhang*
striations parallel to propulsion*
impression of distal digits*
kick-off scours**
z-traces**

Sequential or Multiple Traces
variability in pace angulation
trace lengths variable compared to widths*
manus and pes trace count unequal*
unexpected configurations*
buoyancy/size-mitigated variably-preserved traces**

Sedimentary and Paleoenvironmental
expected fauna/flora*
expected sedimentary features*
paleoenvironmental interpretation*

* noted by Peabody (1948, 1956) or Lammers (1964) from CARE
Moenkopi Fm. traces.
** new criterion described from CARE Moenkopi Fm. traces.

Ficure 1—Selected traces from Site 3. Note kick-off scours behind

criteria (Table 1). Comparison of these published CARE dethe traces. Scale equals 10 cm.
scriptions to the later compilation of subaqueous traceway cri-
teria is very favorable. The criteria used by Peabody and
Lammers are indicated by an asterisk in Table 1. the eddies created by the tips of the digits scour out the area

Criteria inherent to individual traces are: reflecture @fmediately behind the trace. Most of the excavated material
digits (retraction mark of digit tips made from posterior alisperses into the water column. In a terrestrial case, much of
trace anteriorly), depth of the mark corresponding to arctbk propulsive phase has the force of the weight-bearing
limb, elongation of traces, posterior overhangs (continuationgophase directed downward compressing the sediment. For
of the digit tips posteriorly into the sediment, creating a hang{ully buoyant tracemaker, the touchdown and weight bear-
ing edge in the cast), striations parallel to direction of propithg phases are less well defined, and include pushing sedi-
sion, and preferential impression of distal ends of digits. Crirent (typically fine-grained mud) out of the trace to scatter
teria inherent in multiple trace comparison or traceways ag@isteriorly. In the terrestrial trace Thulborn and Wade indi-
great variability in pace angulation, trace lengths excessivebte the manner in which a tracemaker can create striations
variable compared to widths, ratio of manus and pes tragesiro-scratches) along the imprinted track with a continua-
unequal (manus typically underrepresented), and unexpeated of a backsliding kick-off phase. In this terrestrial situa-
configurations (lack of traces or extra traces in an expectgsh sediment which is scooped or squeezed out of the track
sequence). Sedimentary and environmental criteria are: ag@fi-be deposited on the substrate. If a cast were made of the
ciation with other appropriate fauna/flora, association witbrrestrial track, the squeezed out or scooped out material would
expected sedimentary features, and environmental interprei@ate negative relief. This is an important difference in the
tion. modes of formation between buoyant and non-buoyant traces

Our examination of the CARE specimens allows us tid leads to a fundamental difference in the disposition of the
include additional recognition criteria. They are the presengigplaced sediment. The difference in mode of formation also
of kick-off scours, z-traces, and buoyancy/size-mitigated vahelps understand why underprints are not likely to be created
ably-preserved traces. by a buoyant tracemaker. Under expected buoyant conditions

Kick-off scours (Fig. 1) occur immediately posterior tahere will be an extremely small component of substrate com-
the traces. The sandstone cast infilled the scour and is segiré@ssion (downward), compared to a non-buoyant locomotion.
the irregular positive relief behind the digit scrapes. They Z-traces (Fig. 2) are interpreted as little double kicks of
represent the action of the water eddies created behindttietracemaker as the tips of the toes graze the substrate. These
digits as they pass close over the sediment. At the end oftthees are made by feet on the side of the tracemaker opposite
propulsive phase (kick-off phase of Thulborn and Wade, 1988} the striking current. The trace begins with the typical im-
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Buoyancy/size-mitigated variably-preserved traces are
present at Site 2. Details of some traces are better defined
than in other traces (variably preserved). For example, at Site
2 small traces with subaqueous characteristics are well pre-
served, while large traces are most often poorly preserved with
no recognizable subaqueous characteristics. The large ones
appear to be full prints of tracks which are deformed and amor-
phous. Sediment may have been compressed, squeezed, and
stuck to the foot as it was removed from the track. The sig-
nificance of the variably preserved traces is interpreted as re-
lating to the size of the tracemaker verses the water depth and
opportunity to become buoyant (buoyancy/size-mitigated).
Essentially small tetrapods floated in shallow water while large
ones waded. Other variables need to be taken into consider-
ation for a complete interpretation, (ability of small tetrapods
to walk along the substrate bottom (Brand 1979), variation in

Ficure 2—Selected traces from Site 3. Note Z-traces. Scale  water level over time, and non-contemporaneous trackways).
equals 10 cm. However, the presence of these disparately preserved traces
will contribute to a more complete understanding of the sub-
aqueous environment at CARE.

print of one digit entering the sediment in an arc during pro- SUMMARY

traction. The entrance is slightly wider than the rest of the . . .
trace (as seen in the entry of other traces), and the depth theThe importance of the Capitol Reef National Park

arc does not progress all the way through the sediment as éaenkopl Formation vertebrate traces is clearly evidenced by

the two digits on the current side. The digit then retrac?gﬁy references in the literature. Some of the first recognized
. . . . isucli)aqueous traceways came from the park. Today the exten-
anterolaterally a short distance leaving a continuous striate

path and trace. The digit continues protracting posterior?'ve deposits and accessibility of the sediments allows contin-

. . . ; l{vﬁd advancement in traceway interpretations. Previous rec-
entering deeper into the substrate, leaving an overhang in 1he. . . N
trace cast ognition of subaqueous vertebrate traces include criteria in-

o . . herent to individual traces, inherent to sequential traces, and
Initial interpretation of the Z-trace establishes the basic . o . :
) . correlative criteria from sediments/paleoenvironment. Many

mode of formation. The shallow entry and progressive arc- L .y : ;
these criteria were originally recognized from CARE speci-

depth indicate that this part of the trace was made first T(rhngns. We have further documented criteria not described for

continuity of the trace (especially continuity of depth and Smgifis material. Most notable of these are kick-off scours (indi-

tions) through the middle of the Z connecting the sides, in idual traces), z-traces (individual traces), and buoyancy/size-
cates the creation by one digit. The overhang indicates t\ﬁa{. T ' yancy

e o my igated variably-preserved traces (sediments/
this is the end of propulsion; the part of the trace made las

The overhang indicates the direction of the tracemaker moealeoenvwonment). These three criteria all rely on buoyancy

ment (toward top of page in Fig. 2) as opposite of the direoé?_the tracemaker to make their characteristic mark of sub-

. . agueous formation.
tion the overhang points. q
Continued interpretation becomes more speculative, but ACKNOWLEDGMENTS
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these Z-traces indicate an extra little attempt to gain adfient. Allyson Mathis, now a Park Ranger at Capulin Vol-
tional grip on the substrate with an immediate second try @no National Monument, provided us with assistance, en-
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COMPARATIVE GRAPTOLITE BIOSTRATIGRAPHY OF THE JUTLAND
KLIPPE TO THE MARTINSBURG FORMATION AT DELAWARE WATER
GAP NATIONAL RECREATION AREA

DAVID C. PARRIS, LOUISE F. MILLER, ano STANLEY C. FINNEY?
Bureau of Natural History, New Jersey State Museum
205 W. State St., PO Box 530, Trenton, NJ 08625-0530
2Department of Geological Sciences, California State University-Long Beach,
1250 Bellflower Boulevard, Long Beach, CA 90840

AssTrRACT—Investigations in and near Delaware Water Gap National Recreation Area have established the age span of the grap-
tolite-bearing Martinsburg Formation. Ranging in age fronClimacograptus bicorniZone to theClimacograptus spiniferus

Zone, its lowermost portions conformably overlie the Jacksonburg Formation (which has a shelly fauna). Correlations remain
doubtful for various outlier outcrops and allochthons which are found to the southeast of the main body, although ourkecent wo
has correlated the Port Murray outlier to ferynoides americanugone and to the Bushkill Member of the Martinsburg
Formation.

Current work in the Jutland Klippe of Union Township, Hunterdon County, New Jersey has confirmed various past studies of
ages ranging from th&delograptus-Clonograptugone to theClimacograptus bicornigone. However, the sites currently being
studied are in original sequence, not overturned as suggested in some previous publications. To date, no certain @arlap has b
found in graptolite ages of the Jutland Klippe with those of the main body of the Martinsburg Formation of Delaware Water Gap
National Recreation Area.

though the outcrop area is small, the Jutland Sequence (also
called the Jutland Klippe) has great potential for interpreta-
HROUGHOUT THIS century the Ordovician rocks neation of Taconic-area movements and for comparison to other
Jutland, Hunterdon County, New Jersey have present@riovician sequences. Among these, the Martinsburg Forma-
challenges to structural and paleontological work (Figure tipn, which overlies the Jacksonburg Formation at Delaware
Weller (1903) noted the presence of well-preserved grapWater Gap National Recreation Area, is the most significant.
lites there in fair abundance, in contrast with other rocks léw faunal information from previously inaccessible expo-
the Ordovician System in New Jersey. Noting the unusuadlyres near Jutland can now be presented. Some of our results
complicated structure, Weller's report foreshadowed other @fere published in preliminary form (Parrig al, 1995). The
forts to interpret the area, which mostly lies within Uniomformation presented herein has confirmed and expanded our
Township. Various workers sought precise dates, structysatliminary conclusions, but work continues, and the results
interpretations, and a better understanding of the Tacoo#@nnot yet be considered a final report. The ultimate objec-
Orogeny, (Dodge, 1952; Perissoratis, 1974; Perissoratis ettale of our studies is a comprehensive biostratigraphy that re-
1979; Markewicz, 1984; Parris and Cruikshank, 1986). Ahtes the allochthons and outliers to the Martinsburg Forma-

INTRODUCTIONS
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tion at Delaware Water Gap National Recreation Area, where
previous studies have established a range from the
Climacograptus bicornisZone to theClimacograptus
spiniferusZone (Parris and Cruikshank, 1992). One outlier
has thus far been confidently correlated (Patial, 1993).

The Port Murray Outlier correlates to the Bushkill Member of
the Martinsburg Formation and tl@orynoides americanus
Zone.

CURRENT INVESTIGATION

Only a few specimens from previous studies have been
located thus far in repositories. We have restudied all such
materials available to us and have accepted the competent iden-
tifications of our predecessors for the most part (Patré,
1995).

We also have prospected the Jutland sequence in search
of more faunal material, including inspection of sites previ-
ously reported. The one major new site, herein described,
was inspected in detail for the sake of a more detailed litho-
logic description of its fossiliferous sequence. It includes the

Ficure 1—Martinsburg Formation and other Ordovician fine-grainefirst €xposure of a section in which an estimate of thickness is
clastic rock exposures in western New Jersey. A-Main body R@ssible, as well as an approximation of the positions of the
Martinsburg Formation. B-Port Murray Outlier, C-Asbury Outliefossiliferous zones.

D-Jutland Klippe and E-Peapack Klippe.(after Pagtial, 1993).

Ficure 2—Major excavation at Clinton Block and Supply Site showing generally consistent dip in sequence. Human figure for scale.
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TasLe 1—Faunal collections numbered 19-22 as currently identi-

RESULTS

fied. Zonation numbers are those of Berry (1960, 1968). Previ-

The Clinton Block and Supply Site in Union Township ©US collectior_ls range from Zone Bc(elograptus-Canograptl)ls
(Figure 2) is the major source of new information on the Jutland® £0N€ 12 Climacograptus bicornjs Those of the Clinton Block

Sequence. Four graptolite-bearing levels have thus far been

and Supply Site are in the later ranges of that span.

collected. Although significant deformation is present at the

site, these collections are in an apparent sequence, numble‘i‘%flgté’r

Taxon Graptolite
Zone

herein as Collections 19-22. The units generally strike NE'Hm
°E and dip 24SE, in apparent consistency, with collection 199
lowest, and collection 22 highest. Collection 21 is from a
metabentonite high in the quarry face. The other collections
are from marine clastic units.

Table 1 lists the faunal collections numbered 19-22 as
currently identified. Zonation numbers are those of Berry
(1960, 1968). Previous collections range from Zone??
(Adelograptus-Clonograptdigo Zone 12 Climacograptus
bicornis). Those of the Clinton Block and Supply Site are in
the later ranges of that span. 21

Numbers currently assigned to specimens from the Clinton
Block and Supply Site are as follows: NJSM 16481-16490
from Locality 19; NJSM 16564 for Locality 20; NJSM 16565
for Locality 21. Specimens from Locality 22 are New Jersey
Geological Survey specimens, currently unnumbered, but GA-
der study at the New Jersey State Museum.

Exposures of the Jutland section of the Clinton Block and
Supply Site enable an approximation of section thickness and
notation of key beds (Figures 2 and 3 ). The sequence ranging
from the level of Zone 8 to Zone 9 is approximately 50 meters
thick and from Zone 9 to Zone 10 another 20 meters.

Isograptus forcipiformigRuedemann) 8
Didymograptusp. gxtensu®)

Pseudotrigonograptus ensifornidall)

Tetragraptussp. pigsbyior serra)

Xiphograptus svalbardensigrcher and Fortey)

Isograptus victoriae maximugHarris)

Pseudisograptusp.

Isograptussp. 9
Cryptograptus tricornigCarruthers)

Glossograptusp. holmi?)

Climacograptusp.

Glyptograptus teretiusculyslissinger) 10
Dichograptidae, genus indet.

Pseudoclimacograptus angulatus

Cryptograptus tricornigCarruthers)

? Reteograptus geinitzianuall

Climacograptusp.

Hallograptus? 11
Dicellograptu®

Nemagraptu3

Glyptograptu®

Climacograptusp.

Didymograptusp.

Glossograptusp.

Cryptograptussp.

Pseudoclimacograptusp.

Ficure 3—View toward quarry face at Clinton Block and Supply Site, facing southeast. Fauna 21 is from light banded level (metabentonit

high in quarry (note arrows). Human figure for scale.
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INITIATING A PALEONTOLOGY INVENTORY AND DATABASE AT
DENALI NATIONAL PARK AND PRESERVE, ALASKA

PHIL F. BREASE
Denali National Park & Preserve, P.O. Box 9, Denali Park, AK 99755

AssTracT—Denali, at 6 million acres, is one of several large-acreage National Park Service units in Alaska where paleontological
resources are poorly known, and the large volume of existing geologic and paleontologic data is inadequately organized. With th
help of a Geologic Society of America volunteer, Denali began an evaluation of the existing literature, and catalogued 1068 cit
fossils from 276 localities as reported in 46 journal articles, government documents, and other sources. Additiooad; site |

ties were checked on maps and entered into the park Geographic Information System (GIS) to make preliminary determinations on
reported locality accuracy and precision. Fossil materials at Denali include Paleozoic and Mesozoic marine invertebrates and
microfossils, Mesozoic and Cenozoic plant material, and Cenozoic insect and pollen detritus.

INTRODUCTION ogy database for the park, coupled with a few site visits for

DENALI NationaL Park and Preserve is located in Soutltata confirmation.

central Alaska, where there is a long history of marine RELATIONAL DATABASE MANAGEMENT SYSTEM
deposition (Precambrian to late Mesozoic) which has been con- Database requirements for paleontological information are
tinually affected by tectonic shortening and/or accretion sinsinilar to many other database themes. The database must
at least the late Paleozoic (Csejtey, et al, 1982). Although mosivide for data organization, offer a search or find function,
of the park geology is only reconnaissance mapped at a sealé have variable presentation formats to satisfy a wide range
of 1:250,000, and the structural history of tectonic accretiofinvestigation or report requirements. We choose Microsoft
is less than favorable to fossil preservation, some 40 rodtcess (2.0) because it provided these capabilities, is com-
units (see table 2.) have been identified that exhibit fossil reenly available within government computer purchase pack-
mains. These fossil occurrences are reported in various pusdjes, and is the current, NPS sanctioned database program .
cations, reports, theses, maps, manuscripts, inventory forms, The paleontology database design at Denali originally in-
and journal articles. Some of these records exist in obscuotved about 15 fields, but numerous design revisions were
forms or in limited print (grey literature), many duplicate amade through the course of data input to accommodate differ-
overlap information, and no single systematic database exiats citation data and evolving search and cross-correlation
that can be used for park paleontological resource managmtabase manipulations. Some of the more difficult field cat-
ment, or for research evaluations. Additionally, the park hagories requiring custom designs included multiple authors,
fewer than 5% of reference samples from major fossil localiwltiple citations, varying and sometimes conflicting taxo-
ties. nomic details, varieties of coordinate and common locality

To rectify these conditions, a proposal was developeddescriptions, varying geologic descriptors, and multiple col-
do a literature search, design a useful database format, inpcator/repository combinations. To track data input and to
known paleontology literature and citations, delineate descripeord location confidence, additional yes/no fields were in-
tive (mapped) localities, and perform locality checks for acccluded for citations, maps, and actual field locations.
racy and for providing park examples of some sites and fos- The database fields are given below in three major form-
sils. This proposal was provided to the NPS Geologic Resoureagy categories:
Division in the Winter of 1997 for assistance in personneCitation Fieldsinclude: Citation ID, Source ID, Locality ID,
and/or operational funding. In early December, the project de- Fossil Type, General Fossil Type, Invertebrate Type, Era,
scription was forwarded to the Geological Society of America phylum, Class, Order, Genus, Species, Age in Years, Re-
(GSA) for consideration in the intern program within their pository, Collection Number, Collector, Year, and Notes;

Inst_itute for Environmental Ec_iucation. GSA approved of thﬁ_ocality Fieldsinclude: Map Number, Locality 1D, Cited
project and offered to advertise, screen applicants, and pro'LocaIity Number, Precise Locality, Terrane, Quad, Quad

Vide:‘f stipt;nd to the selgctgd intern._ “GSA Todav” GSA Number, Section, Range, Township, Latdeg., Latmin,
ter advertisement in the magazine oaay, Latsec, Longdeg, Longmin, Longsec, Rock Unit, Lithol-

received some 35 applications for the intern position in Denali. .
. . X . , ogy, and Notes;
Through this process, an intern with previous relational dagap

) : . bublications Fieldsinclude: Source ID, Title, Author 1,
base experience was selected, and arrived at the park in mid-

May, 1997. The intern worked as a team member of the Physi—'a‘u:jh,c\)lr 2, Other authors, Year, Journal, Publisher, Vol/Page,
cal Sciences Branch, Research and Resource Preservatioﬂln dc(;t_e.s. h : ¢ he datab .
Division, at Denali National Park. The primary duties in- " & ftion to three input forms, the database Is struc-

volved the design, set-up and record entry of a new Paleon%f-ed with 8 tables, 16 queries, and 5 reports which provide
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TasLe 1—Paleo-taxonomy in Denali National Park and Preserve.

*ALL RECORDS

PHYLUM (or type) CLASS

10 17

ORDER

26

FAMIL Y

47

SPECIES

306 161

Mollusca (271) Bivalves (143)

Cephalapoda (100)

Gastropoda (19)

Dysodonta (54)

Desmodonta (13)
Isodonta (1)
Amminoids (78)

Blemnoids (19)

Inoceramus (12)
Gryphea (3)
Buchia (21)
Minotis (7)

Ostrea (2)
Halobia (2)

Lima (3)

Pleuromya (11)

(24+ varieties)
(2+ varieties)
(+3 varieties)

Brachiopoda (107) Articulata (40) (7+ varieties)

(19+ varieties)
(8+ varieties)
(2+ varieties)

Cnidaria (170) Anthozoa (136) Tabulata (21)

Rugosa (20)
Scleractinia (15)
Hydrozoa (34) (3+ varieties)
Trilobita (6)
Arachnida (9)
Insecta (78)

Arthropoda (95) (2+ varieties)

(2 varieties)
Coleoptera (69)
Hymenoptera (6)
Hemiptera (1)
Trichoptera (2)
Cladocera (2)

(14+ varieties)

Crustacea (2)
Crinoidea (15)
(33 unspecified)

Daphnia (2)

Echinodermata (48)

Gymnolamatea (7)

Bryophyta (5) Sphagnacea (3)

Porifera (2)

Conodonts (93) (19+ varieties)

Radiolarians (86) (17+ varieties)

Pollen (83) (35+ varieties)

Plants (58) Angiospermae (15)

(9+ varieties)
Gymnospermae (4)

Dinoflagillates (2)

Foraminifera (2)

Algea (2)

Vertebrate (1)

(Fish skeletal remains)
Trace Fossils (1)

(Worm burrows)

* specified taxa/numbers represent abundance at lowest identifiable levels.
* this table represents park record as of January 1998.

for rapid data filters, correlations and cross-tabulations. Hopark GIS database through our ArcView software. Citations/

ever, customized data manipulations are quite simpleldatalities were thus bounded by reported sites within a 49-

Microsoft Access. guadrangle window. Although this boundary limit includes
For the spatial database, record locations were originalyme lands outside Denali National Park , it also encompasses

placed on USGS 1:63,360 scale topographic quadrangle majest rock units and terranes of central Alaska, in their en-
for initial assessment of descriptive precision. If significatitety.

problems or conflicts were not identified by this process (i.e. DATABASE RESULTS AND STATUS

guestionable physiography, wrong rock units, or conflicting The Denali paleontology database consists of 1068 cited
location reports) then the localities were transferred to tfussil records from 276 localities as reported in 46 documents.
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TasLe 2—Rock units, age, and fossil types in Denali National Park and Preserve. Numbers in parantheses indicate number of records
currently recorded from the park.

*UNIT _ LITHOLOGY AGE FOSSIL TYPES - TAXA - NUMBER OF RECORDS

Oc limey shales, sanstone, siltstone  Early-Mid Ordovician mega-invert. (2)

Sl marblized limestone Early-Mid Silurian Cnidaria & algae (5)

Dos limestones & shales Ordovician - Devonian Brachiopoda, Cnidaria, Mollusca, conodonts & radiolarians (15)

Dms marble Ordovician - Permian  Cnidaria & Echinodermata (16)

Kms argillite & chert Ordovician - Penn. conodonts & radiolarians (11)

msl dolomite-limestone (melange) ilan - Devonian? Brachiopoda, Cnidaria, Echinodermata, Porifera, Gymnolaemata, Arthropoda &
conodonts (39)

mnl limestone (melange) Devonian - Cretaceous Brachiopoda, Cnidaria, Echinodermata, Mollusca & conodonts (35)

TRPs cherts, carbonates & congl. Devonian - Permian Brachiopoda, Cnidaria, Mollusca, Echinodermata, & conodonts (41)

Pzus clatics & carbonates Mid-Devonian - Penn. Brachiopoda, Cnidaria, Mollusca, Echinodermata, Gymnoleamata, Arthropoda &
Forams (35)

Is limestone Midille Devonian Cnidaria (3)

DI clastics & carbonates mid-late Devonian Brachiopoda, Cnidaria, Mollusca & Echinodermata (61)

Dsb chert Late Devonian Mollusca, radiolarians & conodonts (11)

TRdv limestone, chert, volcanic breccia Late Devonian - Triasdrachiopoda, Cnidaria, Mollusca, Echinodermata, Gymnolaemata, conodonts &
radiolarians (67)

Kmn argillites, chert & conglomerate ~ Missip. - Cretaceous Cnidaria, Mollusca & radiolarians (4)

Pd continental clastics Middle Pennsylvanian plant (1)

TRcg conglomerate w/ chert clasts Permian - Late Triassi€nidaria, conodonts & radiolarians (4)

TRrb red sandstones & conglomerates  Permian - Late Triass{€nidaria (2)

TRcs silty limestone Triassic conodonts (5)

JTRIb  limestone Tiassic Brachiopoda & Cnidaria (4)

TRbd siltstone, greenstone & argillite Late Triassic Cnidaria, Mollusca, Porifera & radiolarians (13)

TRIb limestone Late Triassic Brachiopoda, Cnidaria, Mollusca & radiolarians (16)

Pzsl carbonaceous/calcarious shale Late Triassic conodonts (1)

JTRrs calcarious sandstone Late Triassic Cnidaria & Mollusca (5)

JTRs limestone & calcarious sandstone Upper Triassic Cnidaria, Mollusca & Echinodermata (57)

TRvs argilites & marble Late Triassic Cnidaria & Mollusca (11)

Js limestone & calcarious sandstone Early Jurassic Mollusca (41)

JTRta  chert, limestones & tuff Jurassic Mollusca & radiolarians (33)

KJa chert & argillite Jurassic - Cretaceous  Mollusca, & radiolarians (29)

KJs flysch sequence Juisic - Cretaceous Brachiopoda & Mollusca (28)

KJfk limestone & flysch Early Cretaceous Mollusca (4)

KJf argillite & chert Mid Cretaceous Mollusca, & radiolarians (5)

KJfl limestones, clastics & argillites Cretaceous Brachiopoda, Mollusca, & conodonts (31)

Tcs siltstone, sandstone & shale Cretaceous - Paleocemdants, pollen, conodonts, dinoflagillates & vertebrate [fish skeletal elements] (128)

Ts conglomerates & sandstone Tertiary (Paleocene) plant (6)

Tiv clastics & carbonates Eocene? conodonts & plants (17)

Tcbh argillaceous sandstone & siltstone Oligocene - Miocene plant (17)

Q,0s,Qa sands, gravels & unconsolidated Quaternary plants, insects, pollen

* Rock unit nomenclature from Reed and Nelson, 1980, and Csejtey, et al, 1992.

The records show the dominate fossil type to be mega-invegrve,” demonstrates this greater Paleozoic diversity, with the
tebrates (729 records), but a small variety of other flora améjority of fossil records falling in the early Paleozoic, and
fauna are also present in the park. Table 1., “Paleo-Taxonomgst of those fall within the Devonian Period, or in a range
in Denali National Park and Preserve,” provides a view eficompassing the Devonian Period. Much of this record can
those taxonomic numbers and diversity with ten mostly miae attributed to the abundance of fossiliferous carbonate shelf
rine invertebrate phyla, two major marine categories, as wafid upper slope deposits in the early Paleozoic rocks of Denali,
as insects, spiders, plants, mosses, pollen, algae, trace fassilconversely, the lack of such fossiliferous carbonate rocks
records, and 1 vertebrate record. The Phylum Mollusca, parthe flysch sequences that dominate the Mesozoic rock units.
ticularly Class Pelecypoda, represent the greatest numbers andOf the 276 localities, approximately 80% have been pre-
greatest diversity, while the lone vertebrate record (fish skeisely located on hard copy maps (1:63,360 USGS Topographic
etal elements) stands as the most limited in diversity and nu@uadrangles) and the remaining 20% lacked adequate infor-
bers. mation to plot exact positions.

Age representation is currently split between 414 Paleo- Although it is assumed that the bulk of the paleontology
zoic records, 465 Mesozoic records, 165 Cenozoic recordata within and around the park has been entered in the data-
and 24 records of undetermined age. Although the greatesse, several external and less formal citations, collections,
number of fossil records was found in the Mesozoic, the great@stl other reports are not yet included. Continued database
faunal diversity is within the Paleozoic Era. Table 2, “Rodevelopment and field inventories are planned for future field
Units, Age, and Fossil Types in Denali National Park and Pseasons. We wish to thank the Geological Society of America
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for their part in making this project happen.

. 1992. Geology and Geochronology of the Healy Quadrangle,
Alaska, USGS Miscellaneous Investigation. Series, Map 1-1961.
Reep, B.L. anp S. W. Neson. 1980. Geologic Map of the Talkeetna

CseJtey, B. R.,ETAL. 1982. The Cenozoic Denali Fault System and Quadrangle, AlaskaJSGS Miscellaneous Investigation Series
the Cretaceous Accretionary Development of Southern Alaska. wmap |-1174.

Journal of Geophysical Research, volume 87, No. B5, pp 3741-
3754.
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A WALK THROUGH TIME AT FOSSIL BUTTE: HISTORICAL
GEOLOGY OF THE GREEN RIVER FORMATION AT FOSSIL
BUTTE NATIONAL MONUMENT

H. P. BUCHHEIM
Geology Section, Department of Natural Sciences, Loma Linda University

Loma Linda, CA 92350

AssTrRACT—The type section of the Fossil Butte Member of the Green River Formation at the east of Fossil Butte provides a nearly
complete history of Fossil Lake throughout its history. The base of formation rests on the red fluvial Wasatch Formeation. Th
limestones of the Green River Formation grade laterally into the Wasatch Formation as well. The Green River Formayion is easil
divided into three basic units here, each representing a significantly different phase of Fossil Lake.

The lower unit is composed primarily of bioturbated limestones, but grades southward into a well developed lake deposit
with laminated micrites containing abundant fossil fish.

The middle unit is composed of kerogen-rich laminated-micrite that has been extensively quarried for its abundant fossil fish.
Fossil Lake expanded to its maximum size during middle unit time, however it suffered periods of near total evaporation, as
evidenced by beds of dolomicrite. The fossil resources of this deposit are spectacular and unique, but may be threatened by
multiplied commercial quarrying activities over the past few years.

The upper unit is composed largely of dolomicrite containing salt casts of sodium carbonates. Fossil fish are absent from the
upper unit at Fossil Butte. Fossil Lake freshened only briefly for a short period of time before being totally filleden by th
encroaching fluvial systems surrounding the lake.

Much remains to be discovered about this unique lake deposit, and no doubt our view of Fossil Lake will change with those
new discoveries.

dissected these ancient lake beds into a suite of canyons and
i ) o buttes that provide a nearly complete three dimensional view
ALTHOUGH we do not have time machines to visit the pastt pocene Fossil Lake. We will now take a walk through time
we can come pretty close with the modern tools of gedls \ye walk up through the type section at Fossil Butte Na-
ogy and paleontology and with the skills to apply them. Itjg5 Monument; we shall imagine standing on the ancient
the unknown and mystery of the past that motivates manygfife of this unique lake, and we shall observe the physical
us to pursue our professions as geologists and paleontologjsis: environment, as well as the life and death of the myriad
It is like putting the pieces of a puzzle together... the MQSe reatures that inhabited the lake and it's surroundings. This
pieces that we can fit together, the clearer the picture becomeser il serve as an introduction to more detailed papers in
The Eocene lake deposits (Fossil Lake) of Fossil Butte Ngis yolume about Fossil Butte National Monument that pro-

tional Monument and surrounding areas (known in total g&ie in depth views of Fossil Lake in regards to specific topics
Fossil Basin) provide an opportunity to recreate the puzz|gj time periods.

and interpret the past in nearly complete way. Most of the

puzzle pieces are there because of continuous deposition with- THE TYPE SECTION OVERVIEW

out periods of erosion, because of incredible preservation of Stratigraphic Nomenclature-Figure 1 provides a strati-
life rarely seen elsewhere, and because of the way naturedraphic overview of the Green River Formation at Fossil Butte.

INTRODUCTION
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Ficure 1—The Green River Formation in Fossil Basin at Fossil Butte is divided into three units as indicated. Note the markirebeds to
right of the section that are referred to in the text. XRD mineralogy provides a view of the relative amounts of cafuite, dotbtotal
silicate minerals (quartz, feldspar, zeolites, clays). Fossil fish occur in units indicated with solid bars.
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The basic lacustrine stratigraphy was first described and slivallowed up by a lake that experienced numerous expan-
vided into the Fossil Butte and Angelo Members by Oriel astbns and contractions. Subsidence in Fossil Basin eventu-
Tracey (1970) and later studied in more detail by Buchheatly exceeded sedimentation and the lake deepened and flooded
(1994a and 1994b) and Buchheim and Eugster (1998)e fluvial plain until it stretched north of Fossil Butte an-
Buchheim (1994a) informally divided the Fossil Butte another 30 kilometers.
Angelo Members of the Green River Formation up into the Fossil Lake never attained depths greater than four or
lower, middle, and upper units. This was necessary in orfiee meters at Fossil Butte during lower unit time. It formed
to accurately incorporate new knowledge obtained about tadyper saline lake at least twice and probably totally desic-
stratigraphy including the discovery of a thick sequence cdted. The two meter-plus thick beds of dolomite are evi-
fluvial-lacustrine rocks best developed in the Little Muddgience of this. The massive white limestones of this unit are
Creek and more southern canyons and described in detaihbgvily bioturbated as indicated by abundant trace fossils with
Biaggi (1989). In addition, Buchheim (1994a) found thameniscus fillings indicating sediment-feeding organisms, such
Fossil Lake underwent three phases: a shallow freshwater plassisect larvae, worms, or shrimp.
(lower unit); a relatively deeper freshwater to saline phase As you near the top of the lower unit you observe a 3-4
(middle unit) and a mostly hyper saline-alkaline phase (uppeeter thick sequence of alternating siliciclastic mudstones and
unit). The boundaries of these units can be accurately locdtedinated micrites. Close study of the micrites reveal that
at most locations and are identified by mapable marker bettley are composed of alternating laminae of micrite and clay.
Previous stratigraphic and paleontologic invesThis unit grades southward into the sandstone tongue of the
tigations—Cope (1877 and 1884). Peale (1879, p. 535) fifasatch Formation, that provides a prominent marker bed
described the geology and fossil fishes of the Green River Rtwroughout the southern half of Fossil Basin. This sandstone
mation. The geologic history with emphasis on paleontolobggs been interpreted as a prograding delta (Peterson, 1987).
was summarized by McGrew and Casilliano (1975). A dat Fossil Butte, the mudstones of this unit represent a pro-
tailed description of the paleontology of the entire Green Riwvéelta deposit. Only a few kilometers north of Fossil Butte,
Formation was provided by Grande (1984). Grande aRdssil Lake was replaced by a fluvial flood plain during this
Buchheim (1994) provided a detailed analysis of lateral vartane.
tions in paleontology and sedimentology in Fossil Lake. A Lower unit time ended with a hypersaline lake where do-
detailed summary of the Green River Formation of Fossil Bamite precipitated from a shallow body of water and was clear
sin was completed recently by Buchheim and Eugster (199)d free of siliciclastic input. The lake again freshened for a
Recent Investigators who have made detailed descriptiah®rt period of time before drying up again in one last gasp
of the sedimentology, stratigraphy, and paleontology of Fodséfore the onset of a dramatic change marking the beginning
Lake include: Biaggi (1989), who studied an early phase afmiddle unit time.
Fossil Lake during which the lower unit was deposited; Cushman (this volume) concludes that the climate dur-
Loewen and Buchheim (1997) who reported on the salineing lower unit time was warm temperate as indicated by the
freshwater transitions in Fossil Lake as revealed in the uppatynofloral assemblage.
unit; Cushman (1983) who conducted the only study on fossil Middle unit time—Middle unit time was a time of fasci-
pollen in the lake beds of Fossil Basin; Leggitt and Buchheimating events in Fossil Basin. It began with a loud roar as the
(1997) who reported on a significant mass mortality beds @imate must have changed abruptly, transcending to a wet-
fossil birds in the southern part of Fossil Basin (see also Legditimid period of high rainfall. The lower oil shale at the base
1996); Trivino (1996) who completed a detailed spatial analyfthe middle unit was deposited as a result of the most expan-
sis of unit 5b, an oil shale bed (kerogen-rich laminated-micritdye phase of Fossil Lake’s history. A mudstone unit (coaly
and recreated the paleogeography of Fossil Lake during emgdstone) rich in coalified plant material with a 2-3 cm thick
period of Fossil Lake’s history. coal at the top can be traced throughout the basin. There are
no roots associated. A thin oil shale known as the lower oll

- ) L . shale (kerogen-rich laminated-micrite) about 30 cm thick
Lower Unit time—At Fossil Butte one is impressed withy, erjies the coal bed. It contains smigtiightia in abundant

the bold white cliffs of the Green River Formation that Copympers along with fossil insects and plant fragments. This
trast markedly with the underlaying slope-forming and varigaence is interpreted as being deposited in a lake undergo-
gated red and purple Wasatch Formation. The Wasatch kg 5 ranid transgression. The transgression appears to have
mation represents a vegetated, fluvial food plain that WaSen, injtiated abruptly during a single episodic event that trans-
crossed by numerous rivers and streams. If you stand atdBgeq huge amounts of plant material into the lake, resulting
base of the contact between these two formations and 1¢9le thin coal deposit. The high organic-carbon content and

south and imagine yourself back in early Eocene time, ygu,se fossil fish concentrations are consistent with a lake in

would actually be standing on the north shore of a lake that a1y stages of expansion. Nutrient levels are high and

was well developed in the southern part of Fossil Basin. HOMz inherited from the rich soils recently flooded. The lower
ever, the lake was usually shallow and was frequently filled ) shaje can be traced throughout Fossil Basin wherever the

by fluvial sedimentation. It was surrounded by broad mughiqqie unit outcrops and provides an excellent marker bed to
flats that were mud-cracked. These mudflats were frequenly experienced stratigrapher.

A WALK THROUGH TIME
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Fossil Lake remained very productive throughout middlasin, it grades laterally into calcimicrite. This observation
unit time resulting in the deposition of the fish beds that teeggests that fresher conditions exited at the margins of the
Green River Formation is so famous for. One of these beld&e, a trend that dominates the lake system throughout it's
known as the lower sandwich bed, has been studied intkistory. This relationship suggests that the dolomite was pre-
sively throughout Fossil Basin at over 70 locations (Trivingjpitated either directly from the water column or formed
1996). The two tuff beds delineating the top and bottom sfndepositionally (Buchheim, 1994a), rather than generated
this unit allow precise stratigraphic correlations and spat@ marginal mudflats. The ostracodal dolomicrite is a promi-
analysis studies. Studies conducted of bed thickness, laminaet marker bed in the southern half of the basin, where it
number, stable isotopes, mineralogy, and paleontology h&@ens a hard, dense and blocky unit that leaves “bricks” of
provided a detailed recreation of the paleogeography of Fogsdy limestone scattered over an otherwise soft weathered slope.
Lake during this time. Most of the inflow areas were concen- Fossil Lake did not experience a major expansion again
trated in the southern half of the lake; however a significamtil k-spar tuff time (from the top of the ostracodal dolostone
inflow point was present in the northeastern part of the lalceone meter above the k-spar tuff: a major marker bed that is
as is indicated by a dramatic thickening of laminae in titemposed of authigenic potassium feldspar), but remained
vicinity. The laminae thickening is thought to be a result oftaackish to saline. Abundant fish fossils are presently being
high rate of calcite precipitation in this area. In addition, quarried from this unit at some the basin center quarries. Along
fluvial channel filled with conglomerate replaces most of theith fossil fish occur abundamoniobasisgastropods. The
middle unit a few kilometers east of the thick laminae anomasygnificance of this relationship is not well understood because
Buchheim and Biaggi (1988) and Buchheim (1994b) concludgdstropods generally signal very shallow water and well oxy-
that the laminae of this unit are not true varves because laggnated conditions (Surdam and Stanley, 1979). Shallow
nae number between the two tuff beds increases from abwater conditions are indicated by the nearly basin-wide distri-
1100 to 1600 from lake center to margin. Deposition oftaution of kerogen-poor laminated-micrite, a facies deposited
greater number of laminae near the lake-margins occurieghallower near-shore water (Buchheim, 1994b) along with
where calcium-rich inflow water first mixed with the bicarthe occurrence of gastropods and abundant burrow traces. The
bonate-rich (alkaline) lake water (Buchheim, 1994a). potassium feldspar mineralogy of the k-spar tuff suggests hyper

Similar results were obtained from a paleogeograplsgaline conditions during this period. Authigenic feldspar is
study (Buchheim, 1993) of the “18-inch layer”. This unit hgsroduced by the reaction of hypersaline-alkaline water (rich
been extensively excavated for it's well-preserved fossil figh potassium) with volcanic ash (Sheppard and Gude, 1968,
fauna since the late 1800’s. Grande and Buchheim (199459; Surdam and Stanley, 1979). However, the relationship
provide a detailed analysis of the lateral variation of paleontdf-feldspar and zeolite mineralogy to salinity is not as clean as
logical and sedimentological characteristics of this unit. Tle&pected. Although authigenic potassium feldspar tuff beds
18 inch layer (as a kerogen-rich laminated micrite containifigther than zeolite or clay beds) nearly always occur in dolo-
abundant fossil fishes) is spatially limited to only about a humite sequences, they occasionally occur in calcitic sequences
dred kilometer area from about the Fossil Butte National Moras well (Buchheim ,1998). The calcite mineralogy of the
ment Visitor’s center on the north to about 10 kilometers southminated micrite, occurrence of gastropods, and abundant
and from about the middle of R119W to the middle of R118\assil fishes suggests the lake was fresh to saline, but not hyper
About 60% of this area has been eroded out, leaving only alsaline.

40 square kilometers of area where this incredible paleonto- Cushman (this volume) suggests that the abundance of
logic resource is still preserved. The 18 inch layer only cropardwood, riparian and conifer taxa provide a picture of moist
out over a linear distance of about 30 kilometers. Of this obwlands and flood plains around Fossil Lake with upland
about 10 kilometers is accessible to major paleontologic ext@rests on the surrounding ridges and mountains. Pine and
vation activities, because of steep slopes over most of it thtter upland taxa grew in the highlands surrounded the lake.
require excessive overburden removal before collection CHme palynofloral assemblages of the lower and middle units
begin. These are rough estimates, but it is clear that the pagst the lower part of the upper unit indicate that a mixed
ervation of this unique paleontological heritage is at risk. @fesophytic forest grew near Fossil Lake. The climate during
the 10 accessible kilometers, up to half may be under privat@dle unit time was probably more subtropical than during
or state lease to commercial quarry operators! The so calt®der unit time.

“split fish” layers at more marginal geographical localities is  Upper Unit Time—Fossil Lake developed into a large,
not within the 18 inch layer, but within the lower sandwichut shallow, hyper saline lake during upper unit time, gener-
beds. The sandwich beds extend over a 40 by 20 kilomethy devoid of fossils in central basin areas (Buchheim, 1994a).
square area centered around location 1306, about 6 kilor8ek casts of sodium carbonate minerals are abundant begin-
ters south of Fossil Butte National Monument. ning about four meters above the k-spar tuff, indicating hy-

The glory period of Fossil Lake finally faded with thepersalinity. A series of 3-4 oil shales (kerogen-rich lami-
temporary onset of arrid conditions leading to nearly totahted-micrite) within the lower half of the upper unit provide
dessication of the lake during middle dolomicrite bed timmarker beds that can be traced throughout the basin. The
Fossil Lake during this period was clear with little siliciclastitenticular nature of the laminae suggest these were deposited
input. Although this bed is dolomicrite at the center of the shallow water.
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Did fish entirely disappear from Fossil Lake during up- We have now completed our walk through time. Our view
per unittime? Loewen and Buchheim (1997) recently reportsdtill somewhat hazy, but as research continues in Fossil Basin
the first occurrence of fossil fish including very abundant nuritwill sharpen and maybe even change. New discoveries await
bers ofPriscacara hypsacanth@gerch) and.episosteuggar) the motivated researcher; new fossils, new views of processes
in the upper unit at a near-shore locality south of Elk Mouoecurring in Fossil Lake. This walk will be made again... and
tain in the southwest part of Fossil Butte (see Loewen anith each walk we will see Fossil Lake with a clearer perspec-
Buchheim, this volume, for further details). Their prelimitive!
nary study indicated that a relatively fresher-water apron ex-
isted on the margins of Fossil Lake. In addition a lateral trend
(lake-center to margin) in mineralogy (dolomite to calcite}'®
qugen §table isptqpes _(heavy to light), petrology (kemgen_ tion, Southwestern Wyoming. Unpublished M.S. thesis, Loma
rich Iammgtegi—mcnte,_ highly d|srupt(_ad_by salt casts _to lami- | inda University, 134 p.
nated calcimicrite to bioturbated calcimicrite) all provide colgycypem, H. P. 1993. Final report: Paleo-historical fluctuations in
laborating evidence of a salinity gradient in Fossil Lake dur- paleogeography, depositional environment, and chemistry of
ing upper unit time. Eocene Fossil Lake. National Park Service, Fossil Butte Na-

About 16 meters above the k-spar tuff in the upper unit a tional Monument. 116 p.
four meter thick sequence of chert nodules and bedded chert— 1994a. Eocene Fossil Lake: a history of fluctuating salin-
occurs in a dolomicrite (chert horizon). The chert horizon 1 P- 239-247. In R. Renaut, and W. Last (eds.), Sedimentol-
can be correlated throughout Fossil Basin and provides an 29y @nd geochemistry of modern and ancient saline lakes. SEPM
excellent marker unit. Lake water pH probably exceeded 10 Special Publication, S0.

. . L . . g . . 1994b. Paleoenvironments, lithofacies and varves of the
during this time driving most silicates into solution. The dis-  ,ssil Butte member of the Eocene Green River Formation,

solved silica precipitated out as silica gel and eventually con- soythwestern Wyoming. Contributions to Geology, 30(1):3-14.

verted to chert nodules or bedded chert (Buchheim, 1994h).— And R. Biaggi. 1988. Laminae counts within a synchro-
Abundant fossil birds of the genBsesbyornigrequented nous oil shale unit: a challenge to the “varve” concept (abs.):

the shorelines of Fossil Lake during upper unit time (Leggitt GSA Abstracts with Programs, v. 20(7), p. A317.

and Buchheim, 1997), as indicated by a mass mortality birda—— And H. P. Eugster. 1998. Eocene Fossil Lake: The Green

bed that occurs in the vicinity of Warfield Creek about 40 River Formation of Fossil Basin, Southwestern Wyoming, p. 1-

meters above the k-spar tuff. Egg shell fragments, gastropods 17 !N J- Pittman, and A. Carrol (eds.), Modern and Ancient

. h Lacustrine Depositional Systems. Utah Geological Association
and ostracods are commonly associated. The reader is ré-Guidebook 26

ferred to Leggitt and Buchheim (this volume) for further d%opE, E. D. 1884. The Vertebrata of the Tertiary Formations of the

tails. . . o . o West: U.S. Geological and Geographical Survey of the Territo-
Volcanism increased significantly during upper unit time  ries. Annual Report no. 3, 1009 p.

as indicated by a higher percentage of silicate minerals in the—. 1877. A contribution to the knowledge of the ichthyologi-
carbonate rocks (see XRD mineralogy in Figure 1). Tuff beds cal fauna of the Green River Shales. U.S. Geological and Geo-
tend to be thicker as well. The k-spar tuff, that marks the graphical Survey Bulletin, 3: 807-819.

lower boundary of the upper unit, averages 13 cm and fritsrvan, R. A. 1983. Palynology and paleoecology of the Fossil
creases to a maximum of 25 cm in the northwest corner of the Butte member of the Eocene Green River Formation in Fossil

. Basin, Lincoln County, Wyoming. Unpublished M.S. thesis,
basin at the head of Watercress Canyon. Most of the tuff beds Loma Linda University, California, 88 p.

in the undgrlying units are thinner (1-3 Cm) and .the Carb%‘ﬁANDE, L. 1984. Paleontology of the Green River Formation, with
ates contain generally less than 10% silicate minerals. The 3 review of the fish fauna. Second edition. The Geological Sur-

local thickening of the k-spar tuff suggests that a local volca- vey of Wyoming Bulletin, 63, 333 p.
nic sources existed nearby. If the source was hundreds of-ki—, ano H. P. BichHemm. 1994. Paleontological and sedimento-
lometers away, the ash would be more evenly distributed across logical variation in early Eocene Fossil Lake. Contributions to
the basin. Geology, 30(1):33-56.

Pollen collected and studied by Cushman (this volumlg§ee™ V. L. 1996. An avian botulism epizootic affecting a nesting
suggest that the climate gradually cooled during upper unit site population oPresbyornison a carbonate mudflat shoreline

time, but may have returned to a warmer, subtropical climate of Eocene Fossil Lake. Unpublished M.S. thesis, Loma Linda
’ y ’ P University, 114 p.

during its final phasg. This gonclusion is ;upportedg by the ,AND H. P. BicHHEIM. 1997.PresbyornigAves: Anseriformes)
occurrence oReevesida tropical to subtropical element) at  gggshell from three avian mass mortality sites: Eocene Fossil
the top of the upper unit (Cushman, this volume) and is cor- Lake, Lincoln County, Wyoming. Journal of Vertebrate Paleon-
roborated by the presence of about a meter of laminated tology, Abstracts of Papers, 17 (supplement to Number 3):60A.
micrite containing fossil fish. This essentially marked thecewen, M., anp H. P. BichHeim. 1997. Freshwater fish in a hyper-
end of Fossil Lake’s history. Subsidence within the basin ap- Saline lake: evidences of a salinity gradient in Eocene Fossil
parently slowed and the fluvial Wasatch Formation the lake. Lake (Green River Formation). Geological Society of America,
A few limestones in the Wasatch Formation above the upper Abstract with Programs, 29(6)

L . Mcerew, P. O. anD M. CasiLLiano. 1975. The Geological History of
gk?;llg]vslr;;[gstgzter?];?gi th?c:tr;:gliicionds or less extensive Fossil Butte National Monument and Fossil Basin: National Park
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tongue of the Wasatch Formation, Fossil Basin, Wyoming. M.S., Linda University.

Thesis, Loma Linda University, 217 p.

THE STRATIGRAPHIC SETTING OF THREPRESBYORNISIESTING
SITES: EOCENE FOSSIL LAKE, LINCOLN COUNTY, WYOMING

V. LEROY LEGGITT, H. PAUL BUCHHEIM,an0o ROBERTO E. BIAGGI
Geology Section, Department of Natural Sciences, Loma Linda University, Loma Linda, California 92350

AssTrAcT—AUtochthonoudPresbyornisp. (Aves: Anseriformes) eggshell from three Eocene Fossil Lake sites is strong evidence
for multiple avian nesting sites within Fossil Basin. Two of these nesting sites (the Bear Divide and Warfield Creektsites) oc
near the base of the lower unit of the Fossil Butte Member of the Green River Formation. The third nesting site (the Powerline
site) occurs near the top of the upper unit of the Fossil Butte MembePra@s$tgyornisnesting sites span Green River Formation
time in Fossil Basin.

The Green River Formation in Fossil Basin is completely encased in the late early Eocene Wasatch Formation. The “K-spar
tuff” at the junction between the upper and middle units of the Fossil Butte Member has been dated at 50.2 +/- 1.9 nmgarpRalyno
data from the lower, middle, and upper units of the Fossil Butte Member are consistent with a late early Eocene or affiearly mid
Eocene age.

It is likely that the Bear Divide and Warfield Creek nesting sites are late early Eocene in age, and that the Powerline nesting
site may be early middle Eocene in age.

land and Virginia (Olson, 1994). ApparenByesbyornishad
) ) ) ) a worldwide distribution in the Paleocene and Eocene.
T_HE SHOREBIRD-DUCK Mosaic birdPresbyornis with In addition to its widespread distributioRresbyornisis

its duck-like head, and long-legged shorebird-like body,,4rtant because its duck like cranial elements and shore-

was first described from the Green River Formation of Utgfy . |ike postcranial elements link two modern orders of birds
by Wetmore (1926). Since thefresbyornishas been reporteda were never thought to be related before the discovery of

in great concentrations of associated skeletons from all of {igqssils (Olson and Feduccia, 1980b; Olson, 1981; Feduccia
Eocene Green River Formation lakes: Lake Gosiujggg) ' ’ ' ’ '

(Simnacher, 1970; McGrew and Feduccia, 1973; Feduccia and pegcriptions of avian nesting sites are rare in the paleon-

McGrew, 1974, 1984; Feduccia, 1978, 1980; McGrew, 198@j,ic literature. Mohabey et al. (1993), reported a clutch of

Olson and Fedu.ccia, 1980a); Fossil Lake, (Leggit.t althall oblong-shaped eggs of avian-like affinity associated with
Buchheim, 1993); Lake Uinta (Zawiskie et al., 1991); and, ;.on0d nesting sites from the Lameta Formation (upper

?late Paleocene Lake Flagstaff (Zawiskie et al., 1991).  cretaceous) of India. In the Cretaceous of Mongolia,
N_on-Green River FormatidRresbyornisoccurrences in- ggpinterygiform bird eggs are found in clutches and as indi-
clude: Eocene rocks in Mongolia (Zawiskie et al., 1991), thgy,5| eggs at several stratigraphic levels (Mikhailov et al.,

Lower Eocene Casamayor Formation of Patagonia (Howajdgs). Both occurrences of Indian and Mongolian avian eggs
1955; Cracraft, 1970; Feduccia and McGrew, 1974), and maste been interpreted as nesting sites.

recently, the marine late Paleocene Aquia Formation of Mary- Tnere are numerous descriptions of Tertiary avian egg-

INTRODUCTION
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Ficure 1—Presbyornisbones and eggshell from the Powerline nesting Lite.humerus (H), femur (F), coracoid (C), and tibiotarsus (T),
from a lake margin strandline #fresbyornisbones. 2, a scanning electron micrograph Pfesbyorniseggshell showing a distinct
prismatic morphotype (radial cross section).

shell in the paleontologic literature (Mikhailov, 1997), but few
of the reports emphasize a nesting site hypothesis. A good _ . .
example of an Eocene avian nesting site was reported b _F(_)ssn Basin is a small _north-_south trending structural
McGrew and Feduccia (1973). This site was located in shaP@Sin in southwestern Wyoming (Figure 2). Both the western
line facies of the Wilkins Peak Member of the Green Riv@P'd €astern margins of Fossil Basin were topographically el-
Formation of Lake Gosiute, and contained hundreds of bof¥&ted at the beginning of Wasatch and Green River deposi-
of Presbyornis abundant eggshell fragments, tufa-encrust&g@n by reactivated thrust uplift and footwall uplift (Coogan,
logs, and skeletal elements of turtles, crocodiles, and fish. H¥@2)- ~Basin margin uplift continued throughout Wasatch
sedimentology and paleoecology of the site were consistdfPOSition as evidenced by a belt of the Tunp Conglomerate
with a nesting site hypothesis, but the eggshell fragments ber of the Wasatch Formation, which interfingers with

not well described and might have been derived from the birg§)er Fossil Basin sediments on the west, north and east basin

turtles or crocodiles. margins (Oriel and Tracey, 1970; Hurst and Steidtmann, 1986;

Avian eggshell fragments of prismatic morphotype ha\%oogan, 1992). This basin margin uplift re_sulted in sym-
been identified by scanning electron microscopy from thrgz;trlcal (west to east) Wasatch and Green River facies depo-
Green River Formation localities along the southern shorsion (Coogan, 1992). _ ,
line of Eocene Fossil Lake (Leggitt and Buchheim, 1997). _The Tertiary stratigraphy of Fossil Basin has been de-
The three eggshell sites occur in close association with monpioed by several authors (Oriel and Tracey, 1970; Rubey et
specific, single horizon, bonebeds of adriésbyorniswhich al., 1975; Hu_rst and Steidtmann, 1986). Oriel and Tracey
are suggestive of mass mortality events (Figure 1). (1970) descrlb(_ad more.than 7,000 f(_eet of uppermos_t Cre?a—

Because of this close association of the avian eggskﬁﬁpus and _Tertlary_contmental strata_ln northern Fossil Basin.
fragments with the monospecifRresbyornisbonebeds, the These sgdlments include the Ad_aV|IIe, Evanston, Wasatch,
eggshell has been referred Rvesbyornis(Leggitt and Creen River, and Fowkes Formations. _

Buchheim, 1997). The autochthonous nature of one site (the '€ Green River Formation in Fossil Basin can be char-
Powerline site) has been clearly established (Leggitt, 19 ,t_erlz_ed as a large Ien§ of hetgrogeneous_lacustrlne sediments
and the remaining sites are believed to be autochthonous ich includes ngl laminated Ilmestone, siltstone, marlstone,
cause of their proximity to the southern shoreline of Fos&fid Claystone with layers of oil shale (Rubey et al., 1975).
Lake. AutochthonouBresbyornieggshell is strong evidence! Nis lens of Iac_:ustrlne sediments is encased in t_he red, detri-
in support of the nesting site hypothesis. tal, coarse grained strata of the Wasatch Formation (Rubey et

It is the purpose of this paper to document the prec%'e' 1975). . .
stratigraphic position of the three nesting sites so that tempo- 1€ red Wasatch sediments are roughly 3,000 feet thick

ral, spatial and morphologic comparisons can be made BBd have been divided into seven mapped members by Oriel
tween these Fossil Lake avian nesting sites. and Tracey (1970): 1) the basal conglomerate member, 2) the

lower unnamed member, 3) the main body, which underlies
the Green River Formation, 4) the sandstone tongue, which

STRUCTRUE AND STRATIGRAPHY OF FOSSIL BASIN
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Ficure 3—Schematic diagram of Wasatch and Green River Forma-
tion sediments in Fossil Basin. The right side of the diagram
shows the divisions of the Green River Formation as proposed by
Toap Oriel and Tracey (1970). The left side of the diagram shows the

divisions of the Green River Formation as proposed by Buchheim
(1994). The study sections are included to show the location of
: : the nesting sites: P is the Powerline nesting site, WC is the Warfield
g : ! ' Creek nesting site, BD is the Bear Divide nesting site.

three units on the basis of major facies changes in Fossil Lake
history: 1) a lower unit, recently studied by Biaggi (1989),
which contains a record of the early development of Fossil
Lake; 2) a middle unit, which is characterized by high-stand
freshwater calcimicrite and which contains the famous fossil
fish deposits; and 3) an upper unit, which is characterized by
low-stand saline minerals and dolomicrite. This upper unit
includes most of Oriel and Tracey’s Angelo Member.
Buchheim and Eugster (1998) used time synchronous

F , . S h.?rizons to divide the Fossil Butte Member into units. The
IGURE 2—Map showing the location of measured sections in Foss|I . . . .

Basin. Location 217 is the type section of the Fossil Butte Me Ivision between the lower and middle units was set at the

ber of the Green River Formation and is located within the bourl@Wer 0il shale and the overlying lower sandwich horizon (a
aries of Fossil Butte National Monument. The solid correlatid®@ir of thin tuff beds about 50 cm apart). The middle and
line represents middle unit correlations with the type section. THpper units were divided by the “K-spar tuff”. Both marker
dashed correlation line represents lower unit correlations betwédwrizons can be widely mapped in Fossil Basin and are used
locations 1525 and 1530. in this paper to correlate sections.
The stratigraphy of the lower unit was described in detail
by Biaggi (1989). The lower unit was subdivided into the
divides the Fossil Butte Member of the Green River Form@ilowing ascending stratigraphic subunits: 1) the lower shale
tion, 5) the mudstone tongue, which divides the Fossil Butierizon (LSH) subunit, characterized by its brown-greenish-
and Angelo Members of the Green River Formation, andggay color; 2) the lower white marker (LWM) subunit, char-
characterized by abundant tufa-encrusted logs, 6) the Bullgeserized by its distinctive white color and bench forming units;
Member, which overlies the Green River Formation, and 3) the upper limestone (ULS) subunit, characterized by its
the Tunp Member, which is a peripheral member whigjblden or buff color; and 4) the sandstone (SS) subunit, char-
interfingers with units 2-6 (Figure 3). acterized by its brown color. This sandstone subunit is equiva-
The Green River Formation in Fossil Basin has been gint to the sandstone tongue of the Wasatch as described by
vided into the Fossil Butte Member and the overlying Ange@riel and Tracey (1970).
Member by Oriel and Tracey (1970). The two members of the These subunit bands of color indicate facies changes
Green River Formation are separated by the time-transgf@ghin the lower unit and are present across most lower unit
sive mudstone tongue of the Wasatch Formation. outcrops (Biaggi, 1989). The color bands are useful for strati-
Buchheim (1994), and Buchheim and Eugster (1998kaphic correlation even though they represent time-transgres-
noticed that the Fossil Butte Member could be divided ingpve facies.

r ®e  Wyoming

Fossil Basin
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Ficure 4—Warfield Creek section and the stratigraphic position of the Powerline nesting site and the Warfield Creek nesting site within
Green River Formation.

Eocene (Oriel and Tracey, 1970). The age of the Wasatch

o formation is important because it completely encases the Green
Most of the Wasatch Formation is of early Eocene age @Rer Formation and therefore constrains Fossil Basin Green

the basis of pollen, invertebrate and vertebrate fossils (Gagif\,er time. The Green River Formation in turn encases the

1952, 1956; Oriel and Tracey, 1970), but the basal Congloﬁ’r‘esbyornisl\lesting Sites.

erate member may be partly Paleocene (Hurst and Steidt_mann,-rhe late early Eocene Green River Formation age, as de-

1986), and the Bullpen member may be partly early middigmined using Wasatch fossils, is independently corroborated

THE AGE OF FOSSIL BASIN SEDIMENTS
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Bear Divide Section
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Ficure 5—Bear Divide section and the stratigraphic position of the Bear Divide nesting site within the Green River Formation.

by palynomorph analysis of the lower, middle, and upper unite fossil quarries and compared with the type section of the
of the Fossil Butte Member of the Green River Formatidrossil Butte Member of the Green River Formation (Figure
(Cushman, 1983). The “K-spar tuff” which divides the middI2). The locations of the thréesbyornisesting sites are as
and upper units of the Fossil Butte Member has been datetbdws: 1) the Powerline site (Figure 4), section number 1525,
50.2 +/- 1.9 mya (Buchheim and Eugster, 1998). This dafearry location NE 1/4 Sec. 36, T. 20 N., R. 118 W., Warfield
suggests that the upper unit may be early middle Eocene&Cireek Quadrangle, Lincoln County, Wyoming; 2) the Warfield
age. Creek site (Figure 4), section number 1525, quarry location
SW 1/4 Sec. 6, T. 19 N., R. 117 W., Warfield Creek Quad-
rangle, Lincoln County, Wyoming; and 3) the Bear Divide

_Stratigraphic sections, which ipclude the lower sandwich (Figure 5), section number 1530, quarry location NW 1/4
horizon tuff beds and the lower oil shale, were measured at

THE NESTING SITE STRATIGRAPHY
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Sec. 29, T. 20 N,, R. 119 W., Windy Point Quadrangle, Lin- Condor, 72:60-61.
coln County Wyoming. CusHman, R. A. 1983. Palynology and paleoecology of the Fossil

The correlations between the two measured sections at Butte Member of the Eocene Green River Formation in Fossil
the fossil sites and the type section of the Fossil Butte Member Egr?]'g'l_'i‘:&(;omngzlrgy’ g/gyomung. Unpublished M.S. thesis,
are shown in Figure 6. The lower sandwich horizon tuff begEs Y, 6 P-

dthe | il shal he | d middl . ?uccm, A. 1978. Presbyornisand the evolution of ducks and
and the lower oll shale, separate the lower ana mi eunito flamingos. American Scientist, 66:298-304.

the Fossil Butte Member and were used as a datum for corre- 1980, The Age of Birds. Harvard University Press, Cam-
lation. Correlations were made by the marker units described pridge, Massachusetts, and London, England, 196 p.
by Buchheim and Eugster (1998), and Biaggi (1989). . 1996. The Origin and Evolution of Birds. Yale University
Press, New Haven and London, 420 p.
DISCUSSIONAND CONCLUSIONS ,AND P. O. MeGrew. 1974. A flamingolike wader from the

Although fossil avian nesting sites are rarely described, Eocene of Wyoming. Contributions to Geology, University of
Presbyornisnesting sites appear to be common in the shore- Wyoming, 13(2):49-61.
line facies of the Green River Formation (Leggitt ant—— AnD 1984. The rediscovery of the avian fossil
Buchheim, 1997; McGrew, 1980). Within Fossil Basin, the Pres_byornisfrom the Eocene of Wyoming. National Geographic
stratigraphic position of three of these nesting sites was de- SCciety Research Reports, 16:481-485.

scribed using standard stratigraphic technique. We found tRaf"> C- L. 1952. The lower Eocene Knight Formation of western
Wyoming and its mammalian faunas. Smithsonian Miscella-

more than 160 m.eters of sediment separated the lowest andneous Collections, 117(18), 82 p.

hlghesFPresbyorn|sopcgrrence._ - . 1956. The occurrence of Paleocene mammalian remains in
This stratigraphic interval includes the complete Fossil the Fossil Basin of southwestern Wyoming. Journal of Paleon-

Butte Member of the Green River Formation and most of the tology, 30(3):707-711.

overlying Angelo Member. The loweBtesbyornis nesting Howarp, H. 1955. A new wading bird from the Eocene of Patagonia.

sites (Bear Divide and Warfield Creek) are found at the base American Museum Novitates, 1710, 25 p.

of the Green River Formation at a time when Fossil Lake wdgRsT, D. J.,aNp J. R. SEipTmann. 1986. Stratigraphy and tectonic

developing. The highest Presbyornis nesting site (Powerline) significance of the Tunp Conglomerate in the Fossil Basin, south-

is found at the top of the Green River Formation at a time west, Wyoming. The MountainGeologist, 23(1):6-13.
. A EcaiTT, V. L. 1996. An avian botulism epizootic affecting a nesting
when Fossil Lake was shrinking in size.

> ; . site population oPresbyornison a carbonate mudflat shoreline
Most lines of evidence suggest that th@sesbyornis of Eocene Fossil Lake. Unpublished M.S. thesis, Loma Linda

nesting sites are late early Eocene in age. It is possible thatuniversity, 114 p.

the Powerline nesting site is early middle Eocene in Age. , AND H. P. BichHemM. 1993. Radiograph aided taphonomic

analysis of an avian fossil quarry: Insights into the paleohabitat

of the Tertiary birdPresbyornis Geological Society of America
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PALYNOSTRATIGRAPHY AND AGE OF THE GREEN RIVER
FORMATION IN FOSSIL BASIN, WYOMING

ROBERT A. CUSHMAN, JR.
Geology Section, Department of Natural Sciences, Loma Linda University
Loma Linda, California 92350, <bcushman@ccmail.llu.edu>

AssTrAacT—The palynoflora of the Green River Formation in Fossil Basin, Wyoming, provides a method for estimating the age of
the formation. Outcrop samples were collected and processed for plant microfossils from three measured sections régresenting t
center and marginal areas of Fossil Lake.

A reported occurrence dfambdotheriunin the middle unit suggests a Lostcabinian (Ypresian) age for most of the Green River
Formation in Fossil Basin. A potassium-argon age determination of30®Ma on a potassium-feldspar tuff near the top of the
middle unit of the Fossil Butte Member suggests a late early to early middle Eocene age. A late early Eocene (Yprdgian) to ear
middle Eocene (Lutetian) age range for the Fossil Butte palynoflora is suggested by the co-occiBmembaaiciditeEEucommia
Pistillipollenites mcgregorijiPlatycarya platycaryoidesandMomipites triradiatus Consequently, the palynoflora does not rule

out the possibility that the upper part of the Green River Formation in Fossil Basin may be early middle Eocene (earlgrLutetian
Bridgerian) in age.

The late early to early middle Eocene age of the Green River Formation in Fossil Basin correlates with deposition ofghe Wilkin
Peak Member of the Green River Formation in the Green River Basin, Wyoming.

and claystone with several thin tuff beds. Laterally, these

) . . lithologies grade into algal, ostracodal, gastropodal, and
THE pURPosEOf this study was to use plant microfossils iy rhated calcimicrites deposited in shallow water near the

estimate the age of the lacustrine Eocene Green River Fa e of ancient Fossil Lake (Rubey, Oriel, and Tracey, 1975;
mation in Fossil Basin, Wyoming. Fossil Lake was one gf,.hheim 1994).

three major Eocene lakes whose sediments form the Green g,chheim (1994) divided the Green River Formation in
River Formation (Figure 1). Fossil Lake lay to the west of the,sgi| Basin into three informal units (Figure 2). Each of
much larger Lake Gosiute, which covered most of south@fuse units represents a distinct depositional phase of Fossil
and central Wyoming. Fossil Lake formed along the east¢if\e  The lower unit is a lacustrine sequence characterized
edge of the Idaho-Wyoming thrust belt in a small, structurally, gjjiciclastic mudstone and sandstone, bioturbated calci- and
controlled basin. The Crawford Mountains and Tunp Ranggjomicrite, and kerogen-rich and kerogen-poor laminated
form the western boundary; Oyster Ridge forms the eastgipyite (see Biaggi and Buchheim, this volume). Some fossil
boundary; and the Uinta Mountains form the southern bouny, anq gastropods occur in the lower unit. Toward the mar-

ary. The lacustrine Green River Formation consists of bfﬁh of the lake the sandstone tongue of the Wasatch Forma-
colored, laminated calci- and dolomicrite, brown to black, kergz separates the lower unit from the middle unit (Oriel and

gen-rich, laminated calci- and dolomicrite, siltstone, mudstone,

INTRODUCTION
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Ficure 1—Geographic and geologic features in the vicinity of Fossil Basin, Wyoming. Study localities are FBM, CCS, and LMC in the left
hand figure. (After Biaggi and Buchheim, this volume).

Tracey, 1970). The middle unit is a well-developed lacustriBasin was based on mammal fossils from the intertonguing
sequence characterized by laminated calci- and dolomickitasatch Formation (Gazin, 1959). The Green River Forma-
with high kerogen content. Toward the margin the laminatédn was interpreted as Lostcabinian (North American Land
micrite becomes bioturbated. The middle unit contains mddammal Age), although no mammals of that age were known
of the fossils that occur in the basin. The upper unit repfesm Fossil Basin (Gazin, 1959; Schaeffer and Mangus, 1965).
sents the waning stages of the lake. It is characterizedTmo recent vertebrate fossil discoveries have shed more light
poorly laminated dolomite-rich carbonates, many of whiadn the age of the Fossil Butte Member. Breithaupt (1990)
contain calcite pseudomorphs after saline minerals, and soey@orted the occurrence @fohippusin the middle unit. Be-
kerogen-rich, laminated dolomicrite. Fossils are rare in thause of this find, he questioned the Lostcabinian age assign-
upper unit (see Loewen and Buchheim, this volume). Theent for the Fossil Butte Member. However, the more recent
lower, middle, and lower part of the upper units form the Fadiscovery ol.ambdotheriunfFroehlich and Breithaupt, 1997)

sil Butte Member and the upper part of the upper unit forrimsthe F2 or “split fish” zone of the Fossil Butte Member (within
the Angelo Member (see Figure 2 and Buchheim, 1994). the middle unit of Buchheim, 1994), supports the Lostcabinian
Land Mammal Age for at least some of the Green River For-
) o ) ) . mationin Fossil Basin. Plant microfossil studies by Wodehouse
_ The Green River Formation in Fossil Basin contains g933) from the Parachute Creek Member (specifically the
rich assemblage of fOS§I|S. Fossils reported from the Foﬁghogany Ledge) of the Green River Formation in Colorado
Butte Member include fish (Cope, 1877, 1884; Thorpe, 1934, jtah led him to conclude that the Green River Formation
Hesse, 1939; Grande, 1984), sting rays (Schaeffer and Mangiis; viddie Eocene in age. In later studies of the Piceance
1965), birds (Wetmore, 1933; Leggitt, 1996; Leggitt anflieek and Uinta basins, Newman (1974, 1980) developed
Buchheim, 1997), a bat (Jepsen, 1966), a snake (Schagfiarnomorph range zones for the Green River Formation (Dou-
and Mangus, 1965), insects (Scudder, 1890; Cockerell, 1920)s creek, Garden Guich, Anvil Points, Parachute Creek,
plants (Lesquereux, 1883; Brown, 1929, 1934), and freshW@giy Eyacuation Creek members). Newman assigned Early

ter mollusks, ostracods, and algal limestones (Bradley, 192)4 middle Eocene age estimates and land mammal ages to
Until recently, the age of the Green River Formation in Fosgll -, of the plant microfossil biozones.

PREVIOUS STUDIES
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Ficure 2—Stratigraphic chart illustrating stratigraphic units, facies relationships and relationships of measured sections. 1beality 2
FBM, 122 = CCS, and 740 = LMC. (Modified from Buchheim and Eugster, 1998).

METHODS THE PALYNOFLORAL ASSEMBLAGE

Forty-nine outcrop samples of the Green River Forma- The outcrop samples from the Fossil Butte Member and
tion in Fossil Basin were collected and processed for plamiver Angelo Member of the Green River Formation yielded
microfossils. The samples were collected from three meadiverse palynoflora. The assemblage consists of 176 forms
sured stratigraphic sections corresponding to localities 2t&presenting 38 families, 54 genera, and 7 identifiable spe-
122 and 740 (Figure 2). These three sections are equivatées. Approximately 2270 pollen, spores, dinoflagellates, and
to localities FBM, CCS, and LMC, respectively (Figure 1pacritarchs are identified from the 12 productive samples. Of
The Fossil Butte section (FBM, locality 217, SW ¥4 NW *the 2270 plant microfossils, 1.5% represent non-bladdered
sec. 5, T. 21 N., R. 117 W.) represents an intermediate areaafifers, 23% bladdered conifers, 37.5% angiosperms, 14%
the lake, just north of the lake depocenter. The Clear Crdeins and lower plants, 1% dinoflagellates, 22.5% acritarchs,
section (CCS, locality 122, NW %2 SE % sec. 35 and NE ¥ 8id 0.5% of unknown affinity.

Yasec. 34, T. 21 N., R. 117 W.) represents the depocenter of
Fossil Lake. The Little Muddy Creek section (LMC, locality ) ) ) o ) )
740, SE ¥ SE ¥ sec. 24, T. 20 N., R. 118 W.) represents an Blostrangra}phmally S|gn|f.|cant.plantm|9rofoss!l taxa from
environment more proximal to the lake margin. Rock sampfg¢ Green River Formation in Fossil Basin include
were collected from each of the major lithologies at each s&@mbacaciditesEucommia Pistillipollenites mcgregorii
tion. Phillips Petroleum Company processed the samples fi@ycarya platycaryoidesandMomipites triradiatus Fig-

ing standard palynological techniques. Twelve of the 46¢ 3 shows th(_e vertical dlstrlbutlon of significant taxa present
samples produced palynomorphs. Analysis of the palynofidfathe lower, middle, and upper units of the Green River For-
included pollen counts of all 12 samples. Ten of the 12 pfgation in Fossil Basin, Wyoming. The Fossil Butte

ductive samples contain statistically adequate numbersPgfynofloral assemblage is compared with other palynologi-
palynomorphs. cal studies of the Wasatch and Green River formations (Leopold

PALYOSTRATIGRAPHY AND AGE
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Saction and Samplad surrounding the absolute ages for the Wasatchian-Bridgerian
FBM | COS | LMG Linits Land Mammal Age boundary and the Ypresian-Lutetian
16 ""L';“'E’ boundary. The accepted age of the Ypresian-Lutetian (Early-
i 12 o i Middle Eocene) boundary is 49 Ma (Berggren et al., 1995)
10 and is placed at the top of Chron C22n on the paleomagnetic
7 8 Mizdla polarity scale. In the same volume, Prothero (1995) placed
& Lhnit the age of the Wasatchian-Bridgerian Land Mammal Age
" 2 ——  boundary at 50.4 Ma and within Chron C22r. In the past, the
| i Uit Wasatchian-Bridgerian boundary was considered correlative
il - with the Early-Middle Eocene (and hence the Ypresian-
4 'g E Lutetian) boundary. The results of Prothero’s (1995) work
w £ 3 suggest that the Wasatchian-Bridgerian boundary is slightly
2 = E o older than the Early-Middle Eocene boundary. Further taxo-
E, 'E @ = I . . . . .
5 E % & = nomic and stratigraphic resolution of the Fq;s_ll Butte
= - = G B = palynoflora, new tuff samples for age dating utilizing new
e E %_ E _"é 5 analytical techniques, and additional study of the mammal
i § E = f ] fossils in Fossil Basin is needed to resolve this confusing situ-
-~ - 2 ation.

Ficure 3—Stratigraphic distribution of biostratigraphically signifi- CONCLUSIONS

cant plant microfossils of the Green River Formation in Fossil The reported occurrencelcimbdotheriunfFroehlich and
Basin, Wyoming. Breithaupt, 1997) in the middle unit suggests a Lostcabinian
(Ypresian) age for most of the Green River Formation in Fos-
sil Basin. Potassium-argon age determinations of #9.8B,
and MacGinitie, 1972; Newman, 1974, 1980; and Nichols0.2+ 1.9, and 52.2 2.0 Ma on a potassium-feldspar tuff
1987) to determine the stratigraphic ranges of the significadar the top of the middle unit suggest that the upper part of
taxa. The results of this comparison confirm that most of ttie Green River Formation in Fossil Basin may be early middle
Fossil Butte palynoflora is late early Eocene (late Ypresian®ocene in age. The co-occurrenceBafmbacacidites
Lostcabinian) in age as suggested by the occurrenceEefcommia Pistillipollenites mcgregorij Platycarya
Lambdotheriumn the middle unit (Froehlich and BreithauptplatycaryoidesandMomipites triradiatusupport a late early
1997). However, the stratigraphic range8ofmbacacidites Eocene (Ypresian) to early middle Eocene (Lutetian) age range
Eucommia Pistillipollenites mcgregorii Platycarya for the Fossil Butte palynoflora. Consequently, the palynoflora
platycaryoides andMomipites triradiatusextend into the does not rule out the possibility that the upper part of the Green
lower middle Eocene (lower Lutetian or Bridgerian). Cons®iver Formation in Fossil Basin may be early middle Eocene
quently, the palynoflora does not rule out the possibility th@arly Lutetian or Bridgerian) in age. A late early (to possibly
the upper part of the Green River Formation in Fossil Bagiarly middle) Eocene age for deposition of the Green River
may be early middle Eocene (early Lutetian or Bridgerian) Formation in Fossil Basin correlates with deposition of the
age. Wilkins Peak Member of the Green River Formation in the
The early middle Eocene age is suggested by a series&aden River Basin, Wyoming.

K-Ar age dates on a tuff (known as the “K-spar tuff” by
Buchheim, 1994) in the uppermost part of the middle unit. In
the early 1980's, four samples of this tuff from four differefERGGREN W. A., D. V. Kent, C. C. SwisHer, Il, avo M-P. Ausry.

e . _ 1995. Arevised Cenozoic geochronology and chronostratigraphy,
localities were age dated for Buchheim by Geochron Labora b. 120-212In W, A. Berggren, D. V. Kent, M-P. Aubry and J.

tories. The resu_lts We_re a_s follows: locality 242 (in the north- Hardenbol (eds.), Geochronology, time scales and global strati-
ern part of Fossil Basin) yielded a K-Ar age of 48.6.6 Ma; graphic correlation. SEPM Special Publication Number 54.
locality 217 (FBM in Figure 1) yielded a K-Ar age of 43:1 Brapiey, W. H. 1926. Shore phases of the Green River Formation
1.8 Ma; locality 252 (252 in Figure 1) yielded a K-Ar age of  in northern Sweetwater County, Wyoming. U. S. Geological
50.2+ 1.9 Ma; and locality 122 (CCS in Figure 1) yielded a Survey Professional Paper, 140D:121-131.

K-Ar age of 52.2+ 2.0 Ma. The date from locality 242 isBremHaurT, B. H. 1990. Eocene mammals from the Fossil Butte
clearly anomalous with the other three dates. Buchheim and Member of the Green River Formation, Fossil Basin, Wyoming:
Eugster (1998) reported the 50:21.9 Ma date because it chronological and environmental implications. Geological So-

represents the median of the three more consistent age dates®'®Y of America Roclky Mountain Section Meeting Abstracts
with Programs, 22(6):4.

Although the variability among the three age dates need%L%WN, R. W. 1929. Additions to the flora of the Green River For-

be resolved, the ages suggest that the upper part of the Greenyation, U. . Geological Survey Professional Paper, 1543:279-

River Formation may be early middle Eocene (early Lutetian 2go.

or Bridgerian) in age. . 1934. The recognizable species of the Green River flora.
However, that scenario is complicated by the uncertainty U. S. Geological Survey Professional Paper, 185C:45-77.
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PALEONTOLOGY AND PALEOECOLOGY OF THE CULMINATING PHASE
OF EOCENE FOSSIL LAKE, FOSSIL BUTTE NATIONAL MONUMENT,
WYOMING

MARK A. LOEWEN ano H. PAUL BUCHHEIM
Geology Section, Department of Natural Sciences, Loma Linda University
Loma Linda, CA 92350

AssTrACT—While many studies have described the paleontology and paleoecology of the Green River Formation in Fossil Basin,
few have focused on the latter stages of Fossil Lake’s history. The upper portion of the Fossil Butte Member and the Angelo
Member of the Green River Formation represent the latter stages of Fossil Lake.

Dolomite and evaporites characterize the upper unit. Desiccation cracks, flat pebble conglomerates and sediments disrupted by
evaporites are common, suggesting an arid depositional environment. Sharp bottom contacts of lithologic beds suggest rapid
changes in lake levels.

The flora includes prokaryotic algae, stromatolites, algal tufa and vascular plants. Angiosperms are relatively scagce, and th
palynoflora is dominated by gymnosperms. The fauna and other organisms include bacteria, protists, invertebrates,righ, birds a
reptiles. Fish communities of the upper unit are restricted to facies deposited under relatively fresh conditions, and include
Priscacara liops, P. hypsacantha, Lepisostdsightia, Diplomystusand Asineops squamifron§he shorebirdPresbyornisis

present in marginal facies.

The latter stages of Fossil Lake exhibit different communities than those present during most of Fossil Lake’s histotg- Stroma
lites and tufa become common. The tiny fidfiscacara hypsacanthdominates fish populations, while the major predator was
Lepisosteus These fish adjusted to increasing alkalinity and salinity by retreating to nearshore freshwater environments. Cooler
gymnosperm-dominated floras replaced subtropical angiosperm floras.

The flora and faunas of the upper unit represent a unique paleocommunity that represents a response to the changirgd conditions
upper unit time. These organisms dealt with increasing alkalinity, salinity and fluctuating lake levels.

histories from those of contemporaneous deposits in nearby
) ] ) basins. For a complete review of the structural history and
THE pUrposeOf this paper is to present paleontologic dalg,atigraphic relationships of Fossil Basin, see Lamerson

recently collected in Fossil Basin. It will also review th%’1982), McGrew and Casilliano (1975) or Oriel and Tracey
information currently available about the paleontology aqg97o)_

paleoecology of the upper part of the Green River Formation 1o wasatch and Green River formations represent the

in Fossil Basin. alluvial, fluvial and lacustrine sediments deposited in Fossil

Fossil Butte National Monument lies in the structural basbsin quring the Eocene. The Wasatch Formation underlies
formed at the end of the Mesozoic by the ancestral Wyomigge rfingers with, grades into and overlies the Green River
Thrust Belt, Wasatch and Uinta Mountains. This intermoupqrmation (Figure 1). Oriel and Tracey (1970) divided the
tain basin exhibited distinct depositional and paleontologica}een River Formation in Fossil Basin into the Fossil Butte

INTRODUCTION

Ficure 1—Lakes of the Green River Formation and stratigraphic relationships of the Green River and Wasatch Formations in Fossil Basin
(modified after Oriel and Tracey, 1970; McGrew and Casilliano, 1975 and Buchheim, 1994a).
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and Angelo Members. The mudstone tongue of the Wasatttsed nature of the basin produced lake sediments that were
Formation divides the two members. dynamically influenced by inflow. When precipitation sig-
Buchheim (1994a) informally divided the Green Rivemificantly exceeded evaporation, freshwater sediments were
Formation of Fossil Basin into lower, middle and upper uniteeposited. During times of drought, evaporites were depos-
based on lithologic characteristics. The upper unit is equivieed. Rapid transgressions are represented by flat pebble con-
lent to the uppermost part of Oriel and Tracey’s Fossil Butjtomerates of ripped up mud-cracks grading into kerogen-
Member and the Angelo Member (Figure 1). Its bottom corieh purple oil shales with sharp bottom contacts and finally
tact is the top of the 8 cm K-spar tuff above the fish bearirgaporite sequences. Mud-cracks, strandlines of algal en-
layers of the middle unit. The middle and upper units are besisted tufa logs, evaporite minerals and Magadi-type chert
represented at the type locality of the Fossil Butte Memberware deposited during periods of desiccation. Evaporites and
the southeast face of Fossil Butte National Monument.  hypersaline layers directly overlie relatively fresher deposits.
Siliciclastics, bioturbated micrites and kerogen-poor Although the lake experienced periods of hypersalinity,
calcimicrites dominate the lower unit, and kerogen-rich laniateral gradients from relatively fresh at the margin to hyper-
nated micrites characterize the middle unit (Buchheim asdline in the center existed in Fossil Lake (Buchheim, 1994a;
Eugster, 1998). The famous fish deposits such as the ti#wen and Buchheim, 1997). Facies in these salinity gradi-
inch” and “split fish” layers are located in the middle unit. ent horizons change from partly bioturbated calcimicrite to
The upper unit is characterized by dolomicrites argatrogen rich dolomicrite with evaporites in the center on the
evaporite minerals (Buchheim 1994b). Several kerogen-rietke. The low topographic nature of the basin may have al-
laminated dolomicrites form the prominent “oil shales” founlbwed this gradient to exist, similar to the salinity gradient in
throughout the basin. Desiccation cracks, flat pebble cddear River Bay where it joins the Great Salt Lake (Buchheim,
glomerates and sediments disrupted by evaporites are c&894a).
mon. Marker beds in the upper unit are correlatable basin wide
Fossil Basin has been the focus of many excellent palefffigure 2). The maroon oil shale exhibits a lateral change
tologic studies. Bradley (1929), Grande (1984), McGrew affdm laminated calcimicrite with fish in marginal facies to
Casilliano (1975) and Oriel and Tracey (1970) have studiddlomicrite with salt casts at the center of the basin. Kero-
the flora and fauna of Fossil Basin in detail among othegen-rich oil shales with sharp bottom contacts directly overlie
MacGinitie (1969), Cushman (1983) and Cushman et aludstone beds. Mud-cracks, strandlines of algal encrusted
(1984) studied the flora of Fossil Basin. The fish of Fossiifa logs, evaporite minerals and Magadi-type chert occur at
Basin have been studied in detail by Cope (1874, 1877, 185&yeral horizons in the upper unit.
1884, others); Grande (1979, 1982a, 1982b, 1984, 1985, 1994); The two major paleoenvironments recognized in Fossil
Grande and Bemis (1991); Grande and Buchheim (1994); Quake are littoral and limnetic. Siliciclastics, bioturbated fa-
Qing, Grande and Wilson (1997); Quo-Qing, Wilson andes, algal growth, invertebrate and vertebrate fossils charac-
Grande (1997) and Wiley (1976). Ferber and Wells (199%®Yize littoral paleoenvironments of the upper unit. Most of
and McGrew (1975) studied fish taphonomy. Most of thetiee limnetic paleoenvironments of the upper unit lack fossils
studies have focused on the famous fossil fish bearing layansl are dominated by dolomite and evaporites.
of the middle unit.
Upper unit studies include Cushman (1983), who studied ,
the palynofiora, the study dfresbyornisby Leggitt (1996) The flora an.dl faungfthe upper stages of Fossil Lake rep-
and Leggitt and Buchheim (1996, 1997) and tHgsent communities different than those present throughout

paleoenvironmental study of the maroon oil shale by Loewks earlier history of Fossil Lake. In general, the communities
and Buchheim (1997). of the Fossil Basin upper unit reflect a more arid, cooler, less

hospitable climate. See Table 1 for a review of known taxa
AGE from the upper unit.

Ambrose et al. (1997) placed the Wasatch Formation un- Monera, stromatolites, and tufa-Single celled prokary-
derlying the Fossil Butte Member in the Lostcabinian subagtes, consisting of bacteria and cyanobacteria, are represented
of the Wasatchian (NALMA, Wa. Froehlich and Breithaupt by stromatolites, tufa (Figure 3), and the amorphous kerogen
(1997) reported a specimenladimbdotheriunthat dates the of its numerous oil shales.
split fish layers of the Fossil Butte Member as Lostcabinian. Cushman (1983) reports that the kerogen present in the
The upper unit is Lostcabinian in age or younger. lower and upper purple oil shales is made up of over 90%
amorphous kerogen derived from non-structured algal debris.

) ) ) ) The remaining fraction consists of vitrinite derived from woody
Sedimentological and stratigraphic data suggest that FOB%!m tissue.

Lake existed in a closed basin with a low topographic gradi- - ajthough there is no direct evidence of bacteria from the
ent during most of upper unit time (E_’;uchhelm,_ 1994a,_ 19945’piper unit, Leggitt and Buchheim (1996) suggasstridium
Loewen and Buchheim, 1997). Saline deposits dominate i jinumas a cause of death for the shoreBirdsbyornis

upper unit. They represent a closure of the hydrographic Ragirect evidence of cyanobacteria is prevalent in the numer-
sin, in contrast to the open basin of middle unit time. The s siromatolites and tufa of the upper unit.

PALEONTOLOGY

DEPOSITIONAL ENVIRONMENT
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Ficure 2—Detailed section of the upper unit at Fossil Butte National Monument and lithofacies cross section across the basiccutossils
in layers specified or equivalent marginal facies. (one cm K-spar tuff in the maroon oil shale is used as stratigraphic datum.

TasLe 1—Fossil Basin taxa from the latter stages of Fossil Lake.

MONERANS: Angiosperms: Ostracods:
Bacteria: Clostridium botulinum Ailanthus Myrica Hemicyprinotus Pseudocypris
Cyanobacteria: Bombacaceae Platycarya Procyprois
Stromatolites and tufa Carya Podocarpus
Castanea Populus VERTEBRATES:
PROTISTS: Chenopodiaceae Pterocarya Fishes:
Pyrophyts: Micrhystridium Ephedra Quercus Asineops squamifrons
Acritarchs: Baltispheridium Eucommia Reevesia Diplomystus
llex Salix Knightia
PLANTS: Juglans Tia Lepisosteus
Uncertain: Pistillipollenites Momipites Ulmus Priscacara hypsacantha
Pteridophytes: Priscacara liops
Cyathidites Laevigatosporites INVERTEBRATES: Reptiles:
Deltoidospora Gastropods: Trionyx spturtles
Bellamya paludinaeformis Crocodiles
Gymnosperms: Biommphalaria pseudoammonius Birds:
Abies Sabalites Elimia nodulifera Physa pleromatis Presbyornis pervetus
Picea TBxodiaceae Goniopasis Plesielliptro Mammals:
Pinus Buga Gyraulus Oreoconus unidentified bone fragments

* probably a new Percoid genus (see Grande, 1984)

Several species of cyanobacteria and algae trap and Hinely laminated stromatolites in columnar and domal forms.
calcite directly from the water column. As these photosyn- The upper unit contains several horizons of tufa encrusted
thetic organisms grow and trap successive layers of calcitgs. Tufa encrusted logs are porous calcite structures that
they form biogenic sedimentary structures. The resultameserve faint remnant laminations and molds of the wood on
morphologies range from loosely consolidated, porous tufaybich they initially grew (Figure 3). They coated everything
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Ficure 3—A, Tufa encrusted brancB, Surface texture of stromatolite growing on a tufa encrustedCldgtromatolite with rippled surface
morphology growing on a tufa logD, Bark impression on the reverse side of tufa encrusted log.

from entire logs over a meter long to tiny twigs. Interpretetkposits, absent in the lower and middle units of the Fossil
as algal in origin, these layers of tufa represent biogenic daiitte Member, are relatively common in the upper unit.

cite deposited on sticks and logs that littered the paleoshorelines Protists—The dinoflagellates and acritarchs of the up-
of Fossil Lake. Several horizons of tufa logs are several kifper unit includeMicrhystridium and Baltispheridium
meters wide, suggesting low gradient surfaces in Fossil Bagushman, 1983). These occur in the lower purple oil shale.
over which the shoreline transgressed and regressed. Plants—The flora of the upper unit is poorly known be-

Stromatolites occur in three horizons within the uppeause no detailed paleobotanical studies have focused specifi-

unit. These are restricted to marginal environments arowally on the penultimate history of Fossil Lake. Most of our
the periphery of the basin. These stromatolites exhibit fikrowledge of the upper unit flora is based on the palynologi-
lamination and represent growth in relatively shallow lacusal study of Cushman (1983). He found that the palynoflora
trine environments. Both stromatolites and stromatolitic tuéd three upper unit oil shales is different from the palynoflora
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of the middle and lower units. The palynoflora of the middieontains fossil fish at many locations throughout the basin.
unit is dominated by subtropical vegetation, suggesting a relither layers have also produced a few fish fossils.

tively warm and moist climate. The upper unit has the least Immediately above the K-spar tuff is a laminated
diverse palynoflora preserved in the Fossil Butte Member, aalcimicrite horizon that containénightia, Diplomystusand
flecting a warm temperate ecosystem dominated by spruedscacara It was deposited in shallow, freshwater lake con-
fir, pine, and other gymnosperms. Angiosperms occur in ttiéions similar to those of the middle unit. The K-spar tuff
upper unit, but they are a relatively small part of the flodoes not represent a depositional hiatus. Therefore, the fish

(Cushman, 1983). bearing bed above it represents a continuation of the sedimen-
Fern spores from the upper unit make up a tiny fractitetion patterns of the fossiliferous middle unit.
of the total palynoflora. They includeaevigatosporites, The blue oil shale (about 2 meters above the K-spar tuff)

Cyathiditesand Deltoidospora(Cushman, 1983). These oc<contains fish, plant material, insects and feathers. This kero-
cur in the lower and upper purple oil shales and the oil shgkn-rich, finely laminated calcimicrite, exhibits fossil preser-
directly above the K-spar tuff. vation different from any other in the basin. The partial out-
Indicators of a cooler climate such Abies, Castanea, lines of the body and bones are preserved as dark films on the
Picea, PterocaryandTsugaare more prevalent in the uppesurface of the limestone (Figure 4f).
unit. The presence @&phedrain the basin suggests periodic ~ The maroon oil shale exhibits a distinct fish fauna near
droughts, because of its leaves with a thick, waxy cuticle thae southwestern shores of Fossil LakBriscacara
prevent desiccation in times of drought (McGrew anuypsacanthdFigure 4e) make up the majority of the fish fauna,
Casilliano, 1975). while Lepisosteussp. andAsineopssquamifrongFigure 4d)
Plant macrofossils from the upper unit include deciduoase minor componentsPriscacara hypsacanthaere first
leaf fragments and wood. The blue oil shale conatmlites recognized by Cope (1886). Grande (1984) refers to these fish
sp.palm fronds and\ilanthus sp(Tree of Heaven) seedpodsas Percoid genus A (since a revision of the family Priscacaridae
Figure 4c). has not been made to date, we will refer to this fiskP.as
Cushman (1983) found a variety of microfossils anuypsacanthpa A singlePriscacara liopsandLepisosteuggar)
palynomorphs in the upper unit. Gymnosperm pollen (ovieave been found in marginal facies of the maroon oil shale.
70% relative abundance) dominate the palynoflora of the Uy and juvenile?. hypsacanthare relatively common near
per unit and angiosperm pollen occur less frequently thantlie margin (Figure 4a).
the lower and middle units (near 15% relative abundance). Near the top of the upper unit, just above the chert hori-
This gymnosperm to angiosperm ratio of 7:3 is distinctly difon, two small limestone units contdimightia (Buchheim,
ferent than the ratios of the lower and middle units (3:7 fa@94a). They represent brief freshwater lacustrine intervals
the lower unit and 1:9 in the middle unit). within dominantly alluvial-fluvial conditions.
Invertebrates—The invertebrates of the upper unit in-  Birds.—Bird tracks occur in marginal facies of the upper
clude mollusks, arthropods and crustaceans. Oriel and Tragsy at the southern end of the basin. Leggitt (1996) reported
(1970) reported the gastropod®8iommphalaria a mass mortality of the shorebird-duck mos&iesbyornisn
pseudoammoniy®lesielliptrosp, Physa pleromatis, Elimia the upper part of the upper unit. These are the same birds
nodulifera,andBellamya paludinaeformisom the upper unit. described by Olson (1994) &esbyornis pervetus Disar-
The gastropodreoconusoccurs just below the maroon oilticulated bird bones, eggshell and gastropods form strand line
shale in the southern part of the basin (Figure 4b). Leggitposits along the southern end of the basin (Leggitt and
(1996) found the freshwater gastropdéisniobasis, Physa, Buchheim, 1997)Presbyornishones and eggshell occur in at
andGyraulusin marginal facies of the upper unit in the soutHeast three horizons in the upper unit.
ern part of the basin. Gastropods are restricted to marginal Tetrapods—Crocodile remains and large coprolites oc-
facies in the upper unit. cur in marginal facies of the “maroon oil shale.” The soft-
Ostracods are tiny crustaceans enclosed in a bivalve stediEll turtle Trionyx sp.occurs in marginal facies just above
They are interpreted as indicators of marginal or shallow the K-spar tuff. Fragments of turtle shell, crocodile teeth and
cies (Bradley, 1926). The ostracod genkEmicyprinotus, mammal bones occur in sandstones that interfinger with the
Procyprois and Pseudocyprisoccur in the upper unit (Oriel upper unit at the southern end of the basin.
and Tracey, 1970). Ostracods occur in several horizons near

. . . PALEOECOLOGY
the margins of the lake, and some horizons extend far out into ) )
the basin. Both larval and adult insects also occur in upper | N€ deposits at the bottom of the upper unit (from the K-
unit sediments. spar tuff through the blue oil shale) exhibit similar

Fishes.—Unlike the famous fish bearing deposits of thgaleocommunities to those of the middle unit. These commu-

middle unit, fish are relatively scarce in the upper unitities are consistent with deposition in a freshwater lake, and

Buchheim (1994a) reportéthightia from some of the fresh- pro_bably.represe_nt.a continuation of the conditions present
water shales near the top of the upper unit. Recent studied4t"9 middle unit time. , _

the maroon oil shale demonstrated that, at times, large popu- | "€ Prevalence of stromatolites and tufa, often associated
lations of fish lived along the fringes of Fossil Lake (Loewefith saline-alkaline lakes in physiographically low-gradient
and Buchheim, 1997). The blue oil shale of the upper uRfsins, reflects a change in the lake conditions from those of
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Ficure 4—A, twelve mm long juvenil®riscacara hypsacanthftom maroon oil shaleB, Oreoconus spgrom below the maroon oil shale.
C, Ailanthus sp(Tree of Heaven) seed pod from the lower blue oil shBleTail of Asineops squamifrorfsom maroon oil shaleE,
Priscacara hypsacanthtom maroon oil shaleF, “Ghost” outline of Knightia from the lower blue oil shale.

lower and middle unit time. of a cooler climate are more prevalent in the upper unit than
The palynology suggests that the climate during upperthe middle and lower units. Unlike the lush tropical an-

unit time became warm temperate, in contrast to the mgiesperm flora of the middle unit, the upper unit reflects a

subtropical climate of lower and middle unit time. Indicatorgarm temperate paleocommunity of conifers. These gymno-
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sperms probably lived on the uplands and mountains surrouseiarch that provided the background database for this paper.
ing Fossil Lake. Angiosperms and ferns may have lived Bth the logistical support and encouragement provided by
the base of these mountains, but they are drastically redutted personnel of Fossil Butte National Monument helped to
in relative abundance. McGrew and Casilliano (1975) sugake this work successful. In particular we would like to
gested that the upland flora of gymnosperms existed at elebank David McGinnis, Peter Ambrose, Rachel Benton (now
tions of 6000 — 8000 feet above sea level. at Badlands National Monument), Vince Santucci, Arvid Aase
As hydrologic conditions changed from open to closednd the rangers and staff of Fossil Butte National Monument.
the salinity and alkalinity of the lake increased. Small corihe excellent taphonomic study of Leggitt and the palyno-
munities of fish living on the fringes of the lake replaced thegical study of Cushman provided valuable information about
diverse freshwater fish faunas of the lower and middle unitgper unit paleontology. Field assistants who assisted with
Fish faunas are less diverse than those of the lower and middigects of this research (in chronological order of the year of
units. Previously rare fish are the major constituent of thentribution) include Hans and Ivan Buchheim, Aimee Wyrick,
fauna Priscacara hypsacanthraay have been able to surviveMeredith Church and John Loewen. Quarry operators who
salinity fluctuations better than other species. While the aHowed significant access to their excavation sites for sample
finities of Priscacaraare poorly known, gar are known to oceollection include Dick Dayvault, Rick Hebdon, Dennis
cur in fresh to brackish water. They are considered secondgiygery, Tom Lindgren, Jimmy Tynsky and Pete Severns.
freshwater fish and cannot survive in saline environmen@ther quarry operators too numerous to list here also allowed
All fish occurring in the upper unit are restricted to freshwas to visit their sites. Permission to conduct research on pri-
ter facies. vate ranch land was provided by Richard and Roland Lewis;
Grande (1984) states that all of the aquatic mollusks Tfuman, Don and Josephine Julian; George Cooper; the
the Green River Formation indicate freshwater conditionSunthers; and Don Failoni. The Bureau of Land Manage-
Gastropods are uncommon in the upper unit and occur omignt provided collection permits for public lands.
in marginal facies consistent with freshwater deposition.

The paleontologic data allow reconstructions of trophic
AP@ROSE, P., W. S. BrTELS, G. F. GNNELL, AND E. M. WiLLIAMS .
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A COMPARISON OF FISH COMMUNITY STRUCTURE AMONG
SEVERAL PALEOENVIRONMENTS OF EOCENE FOSSIL LAKE,
WYOMING: A PRELIMINARY REPORT

TERRY R. FINGER
9882 Rt. N, Columbia, Missouri 65203

AssTrRACT—Genus, standard length, and stratigraphic position were recorded for 3341 fossil fishes at three sites within the basin
of Eocene Fossil Lake near Fossil Butte National Monument, southwestern Wyoming. Two sites were at different stratigraphic
positions near the lake center (Lewis Ranch sites) and one site, nearly contemporaneous with the stratigraphically leeer mid-la
site, was near the lake shore (Thompson Ranch site). Preliminary analysis has documented distinct differences in fish communit
structure between the near-shore and stratigraphically lower mid-lake sites. The near-shore site is donkKnéabtabgnd

small Diplomystus while the lower mid-lake site is characterized by proportionately fédméghtia, larger Diplomystus and
Priscacara Overall fish fossil density at the near-shore site was approximately five times that of the lower mid-lake site. The
fish community structure of the stratigraphically upper mid-lake site was similar to the near-shore site, suggestingithat the m
lake habitat may have become shallow during later lake stages. Further data analysis is continuing, including detailed documen
tation of the size distribution of the fishes at each site and an examination of stratigraphic changes in fish communéty struct
within each site. Sampling is also underway at a second near-shore site.

dred kn%. It was the smallest and most short-lived of a system

of three lakes that existed for approximately 15 million years

ECOLOG'STS HAvE long been interested in determining fagm the late Paleocene to the middle or late Eocene. The

ors that affect biological community structure, i.e., thgnyironment was subtropical and the lake supported a fresh-

species present in a given area and their relative abundanggse, fauna, although there may have been periods when at
The effects of species interactions and environmental pertjs ¢ part of the water column was saline (McGrew and

bations on fish community structure is a topic of consideralje sijliano 1975. Grande 1994. Grande and Buchheim 1994).
interest and debate (Grossman et al. 1982, 1985, 1990, Rgfi@l axonomy of the fish fauna of Fossil Lake has been thor-
et al. 1984, Yant et al. 1984, Herbold 1984, Moyle ang gy summarized by Grande (1984, 1994) and Grande and
Vondracek 1985, Ross et al. 1985, Matthews 1982, 1986, Fifiichheim (1994). Sedimentological studies assessing
ger and Stewart 1987). Ecological studies of extant commykjegenvironmental conditions have been conducted by
nities are, however, limited in their time perspective. At begf,,chheim (1993, 1994) and others.

such investigations can track changes in communities over Thig paper includes preliminary findings from three fos-

several decades, while significant alterations in communiy ish, sites within the deposits of the middle and upper units
structure may only occur over much longer time periods. ¢ the Fossil Butte Member.

Ecological analysis of the fossil record provides an op- Sample Site A-1: Lewis Ranch quarry site of James E.
portunity to assess long-term trends in community structulrgnsky; SE1/4, SE1/4, Sec. 19, T.21N., R.117W., and NE1/4,
(Boucot 1978). Sites where the fossil record is sufficientNElM’ Sec. 30, T.21N., R117W., Kemmerer 15-minute quad-
complete to consider such analyses are, however, rare, eRRf5le (U.S.G.S.). This quarry is locality A of Grande and
cially for vertebrates. The fossil fish localities of Eocene Fogi,chheim (1994). Stratigraphically, this sample site encom-
sil Lake (Fossil Butte Member, Green River Formation), iﬁ‘assed the “18-inch layer” deposits; i.e., the F-1 deposits of
and near Fossil Butte National Monument, southwestern Wygr, . 4o (1984) and Grande and Buchheim (1994). Paleonto-

ming, provide a unique opportunity for the study of long-terfgica| and sedimentological evidence indicates that these are
trends in fish community structure. Fishes from Fossil Lakey |5ke deposits.

are among the most numerous and best preserved vertebratesamme Site A-2: The same quarry location as sample

fossils in the world, and commercial quarries in the area ptr a_1. Stratigraphically, however, this sample site encom-
vide access to large quantities of fossil material in several StrBH‘ssed deposits approximately 10 m above the strata sampled
graphic sections. The purpose of this study is to documgpt;ie A-1, and approximately 3 m above the “K-spar” tuff
fish community structure at localities within the basin q&yer (see Grande and Buchheim 1994, Figure 2). The pale-
Eocene Fossil Lake and to relate those findings {@s|ogical characteristics of this later lake stage are not well
paleoenvironmental conditions. In this paper | present pigio\n, but sedimentological data suggest that there may have
liminary findings from three distinct paleoenvironments. been periods of fluctuating salinity and depth.

STUDY AREA Sample Site H-1: Thompson Ranch quarry site of Rich-

Fossil Lake persisted for several million years during t¢d Hebdon, NW1/4, SW1/4, Sec. 22, T.22N., R117W.,
late early Eocene, and at its largest size covered several Kffimerer 15-minute quadrangle (U.S.G.S.). This is locality

INTRODUCTION
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TasLe 1—Sample characteristics for sites A-1, A-2, and H-1. SarfiasLe 2—Number of fish of each genus collected at each sample

pling occurred during 1993 and 1995 field seasons. site. See text for descriptions of sites. Data from site A-1 are
compiled separately with and without 312 very young juvenile
Sample Sample Sites Diplomystus(<25 mm SL). For each site, no. = humber of fish
Characteristic Al A-2 H-1 collected; % = percentage of the total number of specimens col-
volume lected at that site.
sampled (drf) 14197.3 1577.3 2126.0
. ) Genus Sample Sites
stratigraphic column A-lwiuv. A-1wlojuv. A2 H-1
sampled (cm) 36.5 94.3 2911 o % no. % no. % o %
Knightia 484 32.1 484 405 498 599 566 56.4

Diplomystus 620 41.2 308 25.8 268 32.2 329 328
Priscacara 298 19.8 298 25.0 11 1.3 3 0.3

H of Grande and Buchheim (1994), located approximately fifoplosus 39 26 39 33 25 30 21 21
km northeast of sample sites A-1 and A-2. StratigraphicalRjareodus 16 1.1 16 13 0 0 6 06
this sample site encompassed the F-2 deposits of Grande (1§8#poneus 102 068 %)2 %)'O 00 00 30 003
and GranFie anq Buchh.einj (1994). Paleontological and s%@iﬁﬁodpong o o o o0 o0 o 1 o1
mentological evidence indicates that these are near-shorerHdgobatis 0 0 0 0 0 0 1 01
posits. Unknown 37 25 37 31 29 35 74 74
The deposits sampled at site H-1 are the sandwich kegi No. 1506 1194 831 1004
deposits that can be traced throughout the lake basin becige? 106.3 84.1 526.8 472.2

of their distinct pattern of tuff layers (see Grande and Buchheim

1994, Figure 2). At site A-1, the top of these deposits is less

than 2 m below the sampled 18-inch layer deposits, and the basin, is dominated bnightia, Diplomystus and

two deposits were considered nearly contemporaneousHriscacara Mioplosus PhareodusandNotogoneusre also
Grande and Buchheim (1994). Thus, comparison of sitesr8latively common. Many of thBiplomystusare large, ex-

1 and H-1 provides a view of mid-lake and near-shore fiskeding 300 mm SL, and the only juveniles in abundance are
communities at approximately the same stage in the lakeésy youngDiplomystus These findings parallel those of
history, while comparison of sites A-1 and A-2 provides @rande (1984) and Grande and Buchheim (1994) for mid-
perspective on temporal changes in the fish community withétke deposits. Sedimentological analyses of these deposits also
the same geographical location in the lake. indicate a mid-lake site (Buchheim 1993, 1994). The compo-
sition of the fish community at site A-1 therefore appears to

METHODS . 4 . :
be characteristic of a relatively deep-water, pelagic habitat.

Eish were collected in. 1993 and 1995 (TabI(_e 1). an.lﬂe presence of very yourjplomystusmay be an indica-
locality was sampled by digging through the entire targetﬁgn of open-water spawning by this genus.

stratigraphic column with techniques appropriate for the site. The H-1 site, geographically located near the northeast

Similar techn_iques were described gnd illustrated by Gra%re of the basin, is dominated by a greater proportion of
(1984). At site A-1, where large, thin sheets of the deDo%ﬁightia than site A-1. Diplomystusis also abundant, but

can be excavated, sampling was conducted in conjunction Wjthire site A-1, few individuals exceed 150 mm SL and very

the work of aquarry crew. Argas of 15 f[o 30were exca- oung juveniles are rareMlioplosusandPhareodusare quite
vated by defining layers averaging approximately 2 cm in thic 5mmon, as at site A-1, bBriscacarais considerably less

NEss. Within _each Iayer, s_heets were removed and Sp_"‘:@ﬁlmon andNotogoneusvas not collected. These findings
fmel_y as possible, typically in sublay(_ars 1.0to 1.5 cm th'cbarallel those of Grande (1984) and Grande and Buchheim
At sites A-2 and H-1, areas of approximately Jwere exca- 1994) for near-shore deposits. Sedimentological analyses of

Va_te_d by defining layers approximately 4 cm i,n thic_kne ese deposits also indicate a near-shore site (Buchheim 1993,
Within each layer, blocks were removed and split as finely f§94)_ The composition of the fish community at site H-1

pOSSIb|.€', typlcally n ?Ub'a,V,efS approximately 0.5 cm thICk’herefore appears to be characteristic of a relatively shallow-
At all sites, fish were identified to genus, measured for sta)aiar near-shore habitat

dard length (SL; the distance parallel to the vertebral column Overall fish fossil density at site H-1 is approximately

from the tip of the snout to the posterior end of the hypuralmfe times that of site A-1. Although this difference may be

and Fecord‘?d sepgrately for each deﬁned stratlgraphlc la%Wartifact of differential preservation at the two sites, the over-
Stratigraphic positions were determined by measuring déﬁr excellent quality of specimens from both localities sug-

tances from tuff layer markers. gests that the difference in fossil density may be the result of

RESULTS AND DISCUSSION an actual difference in fish density between the communities.
At total of 3341 fish were collected from the three localit Nis finding is consistent with observations from most extant
ties, including 312 very young juveniplomystudess than ques, where fish density in _near-s_hore areas is considerably
25 mm SL from site A-1 (Table 2). higher than off-shore, pelagic habitats.

The A-1 site, geographically located near the center of The fish community structure of site A-2, although from
a site geographically located near the center of the lake basin,
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is very similar to that of near-shore site H-1. The sites con- Lake. Final Report. University of Wyoming National Park Ser-
tained similar percentages khightia, Diplomystus and Mi- vice Research Station. Contract CA-1463-5-0001.
oplosus and nearly alDiplomystuswere less than 150 mm BUCHHEIM, H. P 1994. Paleoenvironments, Iithofacie_s and varves of
SL. At site A-2Priscacarawas slightly more abundant than e Fossil Butte Member of the Eocene Green River Formation,
at site H-1 ané?hareodusand several uncommon genera were 2?\L;\tlr;\évri?rt]ergov_\ging. Contributions to Geology, University
not pollected, but the overall structure of the_fish communi.ti%GER’ T R.,AN[?E. M SrEWART. 1987. Response of fishes to flood-
at sites A-2 and H-1 were remarkably similar. Overall fish jng regime in lowland hardwood wetlands. Pages 86 - 92 in
fossil density was also similar at the two sites. These findings matthews, W. J., and D. C. Heins, eds. Evolutionary and com-
strongly suggest that site A-2 contained a typical near-shore munity ecology of North American stream fishes. University of
fish fauna, although perhaps slightly less diverse than site H- Oklahoma Press, Norman.
1. GaucH, H. G., & 1982. Multivariate analysis in community ecol-
Sedimentological studies of strata contemporaneous with ©9y- Cambridge University Press, Cambridge. S
site A-2 suggest that in the later lake stages, there may hGfoe L. 1984. Paleontology of the Green River Formation, with
been instability in both lake depth and salinity (Buchheim a review of the fish fauna. Bulletin 63, Geological Survey of

. 2 Wyoming.
1993, Grande and Buchheim 1994). The preliminary results__ 1994. Studies of paleoenvironments and historical bioge-

of this study indicate that, in response to this instability, the ography in the Fossil Butte and Laney members of the Green
fish community near the historic lake center shifted from a River Formation. Contributions to Geology, University of Wyo-
deep-water community to one typical of near-shore areas, but ming 30:15-32.

did not decline dramatically. Fish may have been able to stt——, anp H. P. BichHeim. 1994. Paleontological and sedimento-
vive in freshwater areas around the margins of the lake or the logical variation in Eocene Fossil Lake. Contributions to Geol-
salinity may have been confined to the lower portions of the ©9¥: University of Wyoming 30:33-56.

water column. Grossman, G. D., P. B. MyLg, anp J. O. WAITTAKER, JR. 1982.

Ongoing work includes more refined data analyses to fully ISt((j)_chasticity in ?trrl:ctural atr:ld functional cfharacterist_ics r?f an

. S . ndiana stream fish assemblage: a test of community theory.
document the size distribution of each genus at each site, cOm- 5 arican Naturalist 120:423_4954_ y y
pare the fish faunal composition among sites with multivari- . ¢ Freeman, P. B. MovLe, anp J. O. WAITTAKER, J. 1985.
ate ordination techniques (e.g., see Gauch 1982), and investi- stochasticity and assemblage organization in an Indiana stream
gate stratigraphic changes in fish community structure within fish assemblage. American Naturalist 126:275-285.
each site. The objective of the latter analysis is to examinre—, J. F. wp, ano M. Crawrorp. 1990. Assemblage stability
changes during the time period over which the targeted strati- in stream fishes: a review. Environmental Management 14:661-
graphic section at each site was deposited. The time involved 671 _ _ .
in deposition is unknown, but is currently thought to be frofff?80.>: B. 1984. Structure of an Indiana stream fish association:
a few hundred to a few thousand years (Grande and Buchheim choosing and appropriate model. American Naturalist 124:561-
1994). Sampling is also underway at an,Other locality approM?mHEws, W. J. 1982. Small fish community structure in Ozark
mately 8 km east-northeast of sample sites A-1 and A-2. This gyreams: structured assembly patterns or random abundance of
site encompasses the same sandwich bed strata as site H-1species? American Midland Naturalist 107:42-54.
and also appears to be a near-shore site. 1986. Fish community structure in a temperate stream:
stability, persistence, and a catastrophic flood. Copeia 1986:388-
397.

This study would not have been possible without the clicGrew, P. O.anp M. CasiLLiano. 1975. The geological history of
operation of James E. Tynsky and Richard Hebdon, who gra- Fossil Butte National Monument and Fossil Basin. National
ciously granted full access to their quarry sites. | am also Park Service Occasional Paper No.3.
indebted to Arvid Aase, who provided considerable expertf@YLe, P. B.,ano B. Vonoracek. 1985. Persistence and structure of
and guidance during field work. Rachel Benton, Peter t1h3e fish assemblage in a small California stream. Ecology 66:1-
Ambrose, Vincent Santucci, D.aVId MCGm.nIS’ Liz Parker, JI.rHAHEL, F. J., J. D. kons, anp P. A. GcHran. 1894. Stochastic or
Parker, and the staff ,Of Fossil Butte N_atlonal Monument in- deterministic regulation of assemblage structure? It may de-
troduced me to Fossil Lake and provided much encourage- peng on how the assemblage is defined. American Naturalist
ment and logistic support. Funding for this study was pro- 124:583-589.
vided in part by Dinosaur Nature Association. Ross S. T., W. J. MrTHEws, AND A. A. EcHeLLE. 1985. Persistence
of stream fish assemblages: effects of environmental change.
American Naturalist 126:24-40.

Boucor, A. J. 1978. Community evolution and rates of cladogeRanr, P. R., J. R. Krr, AND P. L. ANGERMEIE. 1984, Stochasticity in

esis. Evolutionary Biology 11:545-655. stream fish communities: an alternative interpretation. Ameri-
BuchHEM, H. P. 1993. Paleo-historical fluctuations in paleogeogra- can Naturalist 124:573-582.

phy, depositional environment, and chemistry of Eocene Fossil

ACKNOWLEDGMENTS

REFERENCES



FOSSIL CYCAD NATIONAL MONUMENT:

A CASE OF PALEONTOLOGICAL RESOURCE MISMANAGEMENT
VINCENT L. SANTUCCF ano MARIKKA HUGHES?

INational Park Service, P.O. Box 592, Kemmerer, WY 83101
2Peabody Museum of Natural History, Paleobotany Division, P.O. 208118, New Haven, CT 06520-2118

AssTtrACT—Through the power provided in the Antiquities Act (1906), on October 21, 1922, President Warren G. Harding created
Fossil Cycad National Monument. Scientists recognized that the fossil locality preserved a significant exposure of asCretaceou
cycadeoid forest. Hundreds of fossilized cycad specimens, one of the world’s greatest concentrations, were exposedat the surf
of the 320 acre site during the early 1920s.

Years of negligent management at the monument resulted in adverse impacts on the fossil resource. The fossils on the surface
disappeared faster than erosion could expose other specimens from beneath. The loss of the exposed petrified plant remains
eventually left the site devoid of fossils and ultimately without a purpose to justify its existence as a unit of the Reational
Service. On September 1, 1957, the United States Congress voted to deauthorize Fossil Cycad National Monument.

INTRODUCTION

T THE turn of the century there was a growing awareness
towards the country’s hidden treasures. In 1906, Con-
gress passed the Antiquities Act as a means to protect some of
America’s cultural and scientific resources. The Antiquities
Act provides the President of the United States with the direct
authority to set aside areas of significant scientific or scenic
values as national monuments.
In 1916, the National Park Service was established under
the Organic Act with the mission, “...to conserve the scenery
and the natural and historic objects and the wild life therein
and to provide for the enjoyment of the same in such manner
and by such means as will leave them unimpaired for the en-
joyment of future generations.” Originally the National Park
Service was established to administer areas designated as na-
tional parks, monuments, and reservations. Today, the Na-
tional Park System also administers historical/cultural parks,
seashores, scenic riverways, recreation areas, and a variety of
other federal land designations.
In 1922, Fossil Cycad National Monument was established
as a unit of the National Park Service through the authority
provided in the Antiquities Act. Hence, the monument and
its resources were entitled to the same levels of protection and
management provided through the National Park Service Or-
ganic Act.
By the 1930s, most of the fossilized plants called cycads ] ] ] ]
were depleted from the surface at Fossil Cycad National MohtRure 1 - Paleobotanist George Reber Wieland (used with permis-
- . . sion from Yale University)
ment. Years of neglect, unauthorized fossil collecting, un-
challenged research collecting and a general misunderstand-
ing of paleontological resources, lead to the near complete
loss of the resource in which the monument was named and PRE-MONUMENT HISTORY

designated. In the early 1950s, it had become apparent that|n 1892, F. H. Cole of Hot Springs, South Dakota discov-

the National Park Service failed to uphold the mission agred the fossilized cycad beds in the southern Black Hills, near

dressed in the Organic Act at Fossil Cycad National Monptinnekahta. After the discovery, Cole sent photographs of

ment. Therefore, in 1957, under the request of the Natiog@ fossils he had found to Professor Henry Newton, a geolo-

Park Service, one of America’s important paleontological lgist at the Smithsonian Institution. The first description of

calities lost its status as a unit of the National Park Systenghe |ocality was published in 1893 by Professor Thomas
MacBride of the University of lowa.

84
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’ 1916).

| | o In 1920, Wieland obtained the fossil cycad-rich land un-

. ~ ~  derthe Homestead Act “in order that the cycads might not fall
LT W into unworthy hands” (Hot Springs Star, 1938). Two years

| A S 1 later, he offered to return the land to the federal government,

s so that a national monument could be established to further

- protect the petrified plants.

The 320-acre site, located in the Dakota Sandstone For-
=L mation (120 million years old), contained immense quantities
Wy—ol South Dakota - T of the fossilized cycadeoids. “The area is probably one of the

] . : most interesting fossil plant localities and is known amongst
: scientific men the world over,” wrote E. C. Finney to Presi-

i dent Warren G. Harding before the establishment of the monu-
ment (Finney, 18 October 1922). Many of the fossil cycad
) ) specimens exhibited branching features that were not previ-
Fossil Cycad National Monument ously observed. The fossil cycads held the promise of helping

| | | _|| to explain the origin of flowering plants.

Mont.I_Nonh Dakota i Minn. I .l_.'

Nebraska

National Monument Boundary

Embracing 320 Acres ESTABLISHMENT OF FOSSIL CYCAD NATIONAL MONUMENT

1 mile ? IrrI With Wieland’s offer to give the homesteaded land back
Minnekahtal’ ' to the government for the creation of a monument, the gov-
' ! 1 ernment sought insight from scientists. Charles D. Walcott of
/ ! . the U. S. Geological Survey and the Smithsonian Institution
24 [ was asked to visit the site and assess its value. Without visit-
i ing the locality, Walcott concluded that although there were
L reports that all surficial cycads had been removed, “in the fu-
i J.' ture, more specimens will be exposed by erosion, and at that
ol _ time it would be well for the area to be under the jurisdiction
%0 T of the Government” (Walcott, 15 April 1922). After review-
I ing the scientific reports, President Harding signed a procla-
mation on October 21, 1922, establishing the site as Fossil
Cycad National Monument (Figure 2):

Harney National Forest

34 - m 31

4 *#parker P | “Whereas, there are located in section thirty-five, town-

. 7‘;848’ ship seven south, range three east of Black Hills Meridian,

©rEe— South Dakota, rich Mesozoic deposits of fossil cycads and
- other characteristic examples of paleobotany, which are of

great scientific interest and value “ (Presidential Procla-

mation 1641).

w

6

L.

Ficure 2—Location of Fossil Cycad National Monument (adapte'(\j/I
from a 1922 Departmentt of Interior map). 0

ADMINISTRATION OF FOSSIL CYCAD

The day to day surveillance of Fossil Cycad National

nument was entrusted to local ranchers. Although the su-
perintendent of Wind Cave National Park was asked to look
after the monument at the time of its establishment in 1922,

Also in 1893, Lester Ward of the United States Geolodhere were only sporadic and brief visits to the site. Fossil
cal Survey started collecting the fossilized cycadeoids in th¥cad does not appear in any of the superintendent's reports
Black Hills. In 1897, an extreme interest in the cycad sites il 193_3- _ )
South Dakota took hold in George Reber Wieland (Figure 1). Regional Geologist Carrol Wegemann mapped the stratig-
While assisting O. C. Marsh, Professor of Paleontology at Y4#Phy of the monument (Wegemann, 1936). He concluded
University, Wieland traveled to South Dakota and met Wardat the cycad sand, which was six to eight feet thick, was
Through the encouragement of Ward and Marsh, Wielangiher of the Dakota or possibly Morrison Formation. He com-
scientific interest in the cycads of South Dakota grew and gnted that the lack of good exposures around the monument
changed his focus from vertebrate paleontology to that of ﬁg}lted the view of the stra_tlgraphlc section. He also reported
leobotany. Wieland returned to Yale University and tHBat the cycads occurred in stream deposits.

Peabody Museum and continued to study the cycadeoids. He Reésearch on the land resumed in October 1935, when
later had two volumes titleAmerican Fossil Cycadpub- Wieland and a crew of thirteen Civilian Conservation Corps

lished by the Carnegie Institution of Washington (Wie|anmorkers opened six to eight excavation pits, according to the

85




86 TECHNICAL REPORT NPS/NRGRD/GRDTR-98/1

Ficure 3—Professor Wieland supervising a CCC crew during the 1935 fossil cycad test excavation (used with permission from Yale

University).

superintendent of Wind Cave National Park Edward [hg the November 1935 excavation. Wegemann stated that
Freeland (Figure 3). Wieland reported that the excavatidfieland had removed all of the original surficial specimens
was a brilliant success with over a ton of uneroded specimans taken them to Yale University before donating the land to
collected. Freeland stated that the excavation had “unquée- government. This feud escalated when Wegemann shut
tionably proven that numerous cycads still remain on the mowiown the 1935 excavation at Fossil Cycad. The issue culmi-
ment and excellent specimens have been found.” nated when Superintendent Freeland defended Wieland and
Development of the monument was not seriously discussddthe same time criticized Wegemann. Freeland stated,
until around 1936, when Wieland started pressing the isst&egemann has an unfortunate manner with other people,
The value of the monument, though, was already being quaise he has been tactless enough to offend Dr. Wieland, by
tioned. In 1929, Acting Director of the National Park Secontinual rudeness.” (Freeland, 18 November 35). At that point
vice, Arno B. Cammerer, wrote to Dr. J. Volney Lewis andlegemann engaged in direct communication with the Assis-
discussed the validity of the monument: tant Director of the National Park Service, Harold C. Bryant,
regarding Fossil Cycad without the permission of Superinten-
“It was considered worth conserving at the time, and dent Freeland. In a letter to Wegemann, Bryant wrote that
the situation surely cannot have changed . It is similar to “Doctor Wilson has resigned and Doctor Wieland feels that
Dinosaur [National Monument], where there is nothing on  yoyr treatment of him was discourteous.” Bryant also men-
the surface to show its scientific importance, but neverthe- jinneq that Wegemann “should first have communicated with
less it is there.” (Cammerer, 11 December 1929) .
Mr. Freeland so that orders for stopping the work of excava-

Similar discussions continued throughout the existergégcgsc)omd have been given by him.” (Bryant, 22 November
€

of the monument. Development of the monument procee The lack of surficialn situ specimens emerged as an ob-

slowly for two major reasons: the lack of surfidgrabitu speci- . o 4 .
. : . stacle when Wieland insisted on the construction of a visitor
mens at the site and a dispute between Wieland and Wegemann, : .

. i : center at the monument site, so that the uniqueness of the
The Wieland-Wegemann dispute started in 1935, whgn . . L .
i : . ossil resource could be explained to visitors at Fossil Cycad.
Wegemann accused Wieland of stealing fossils collected dur- : . . :
ieland’s persistence resulted in the Director of the Park Ser-
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partment of the Interior contended that they did not have the
funds to develop the monument, nor did they have a strong
enough reason to seek funds:

“Naturally, the development of any exhibit of this type
is dependent upon an allotment of funds and these funds
can be obtained only if the proposal justified the expense
and those making the allotment are convinced that the ex-

Ficure 4—One of seveeral architectural drawings of a proposed visi- Nibit is equal to, or better than, many others now waiting

tor center at Fossil Cycad National Monument prepared by a stu- dévelopment in the various national parks and monuments.”
dent at Yale University. (Slattery, 28 May 1937)

THE LOST SPECIMEN

vice recommending the development of a display about fossil |5 1933, just before the opening of the “Century of
cycads at the Wind Cave visitor center. Wieland's responsgiggress” Exposition at the World's Fair in Chicago, the Na-
this idea was negative. He wrote repeatedly on the value otjgal Park Service Director's Office wrote to Wind Cave re-
in situ display: questing a specimen of fossil cycad to be used in a display at
the Fair.

Wind Cave did not have a specimen and contacted Mr.

development and display. Without this it can mean but W.E. Parks. of Lincoln, NebraSka.' Parks agreeq to loan hl,s

little, as a mere blurred shadow, all but lost again in the cyc;ad speumgn to be placed ,On display at the Chl(}{:lgO World's

shuffle of time.” (Wieland, 1937) Fair. The National Park Service later lost the fossilized cycad

specimen loaned by Parks. Mr. Parks requested that the Na-

In order to expedite the creation of a visitor center, Wielatignal Park Service either replace the specimen or provide some
asked architecture students at Yale to submit proposals féogPensation for the lost specimen. _ .
building design. These draft plans were sent to the Depart- 1he National Park Service effectively avoided the issue
ment of the Interior for review (Figure 4). The response frof@f Yéars. Since a receipt of property was never produced at
Washington was that the cost for construction of a buildingt8€ time the specimen was received on loan, Parks’ persistent
the Minnekahta site was too expensive. In addition to the c&Hims regarding the lost specimen did not receive appropri-
struction of the visitor center and the building maintenancg attention. Parks’ requests for $75 as compensation for the
there would be a need to build roads into the monument. ThH&& specimen were challenged by the Regional Naturalist who
was also the fact that the distinct value of Fossil Cycad Ng§commended that only $50 compensation be paid instead of

tional Monument eluded many people in the government; the $75 requested. _
In a letter dated October 5, 1945, Mr. Trager, Regional

“Developments of additional areas cannot be under- Chief Naturalist described the lost specimen as, “a crushed
taken unless their justification is unimpeachable and their Cycad stump about 6 or 7 inches wide by 10 or 12 inches long.
future maintenance is assured. The Fossil Cycad National It was a very poor specimen and consequently was not exhib-
Monument does not satisfy either of these requirements. It jted at Chicago.” (Trager, 5 October 1945). Because of a mis-
is realized that the area is of outstanding paleobotanical nderstanding, this specimen was thought to be worthless and
interest . But it is also realized that the subject of fossil iscarded.
cycads does not have a broad appeal and, therefore, exten- 1y \ailand suggested to Parks and the National Park
sive development of the monument would benefit only a : f -
limited group of people. This is particularly true since the Service that a specimen could be me}de available to. replace
area does not possess other outstanding attractions. Thethe lost speC|me_n. In June 1946’ National Park SerV'F:e staff
scenery is neither impressive nor is it unusual; the geologi- traveled to Fossil Cycad National Monument to see if they
cal interest, other than its paleobotanic relations, is not could find a cycad to replace Parks’ lost specimen. A replace-
phenomenal; the area is too small for wildlife preserva- ment specimen could not be located.

“Fossil Cycad Monument more than all others of its
series is as we now see dependent on an absalutgiy

tion; the terrain does not lend itself well to recreational The Interior Solicitor presented his opinion in a memo
development, and there is little historic interest.” (Slattery, dated July 16, 1946, “Unless settlement can be made under
23 July 1937) the act of December 28, 1922 (42 Stat 1066, 31 US Code Sec

215) the only financial relief for Mr. Parks would be by Act of

Wieland's insistence continued. His next step was t0 Urggnqress on a Bill for his relief.” (Interior Solicitor, 16 July
senators and congressmen to contact the Secretary of the higg

rior regarding the developmental plans for Fossil Cycad Na- 5 January 27, 1947, the Solicitor wrote, “We realize

tional Monument. When these supplications failed, Wielaggy; the settiement of Mr. Park's claim has been unduly drawn
asked the senators and congressmen from South Dakota ARd ag yet, however, no logical solution has presented itself.
Connecticut to introduce an appropriations bill that would ,5netary settlement is not possible now since the statutory
provide funding for a visitor center at Fossil Cycad. The Dgs,itation of one year from presenting the claim has passed
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long since.” (Interior Solicitor, 27 January 1947) nated the Fossil Cycad area for ACEC designation.

Parks responded to the National Park Service in a letter In the Draft Amendment to the South Dakota Resource
dated April 5, 1947, “From the past it looks as if | am Banagement Plan prepared by the BLM, states, “BLM man-
victim of government red tape.” (Parks, 5 April 1947) By thegement objectives should involve the long-term conserva-
fall of 1947, Parks decided that his only option was to write tion of the area’s geologic, and paleontologic values for future
his congressman. (Parks, 28 October 1947) generations to study and enjoy. “ The preferred alternative

On July 6, 1949, H.R. 3010 *“A BiIll for the Relief of(Alternative C) indicates the following determinations: 1)
Walter E. Parks” was passed by the House of Representativesining the area in public ownership would help make the
The Bill awarded Parks a settlement of $125. scientific information available to the public; 2) restricting
activity would help protect the area; 3) by allowing rights-of-

way, important scientific information may be uncovered dur-

By the early 1950s, the principal advocates for FOSgily's rface disturbance; and 4) this information would be re-

Cycad National Monument, George Wieland and South Dgsered by BLM and made available to the scientific commu-

kota Senator Peter Norbeck, had died. “The National Payk,
Service thinks Fossil Cycad National Monument is a white ™ qsqj) cycad National Monument was never officially open
elephant and wants to get it off its paper”, according 0 Seqf§+he public and never had a visitor center or public pro-
tary W|II G. Robinson of the South Dakota.HlstorlcaI Some%ams' According to paleontologist Dr. Theodore White, “No
(Robinson, 18 January 55). Representative E.Y. Berry froifsent areas of the National Park Service contain fossil cycads.
South Dakota introduced legislation in January 1955 to abglierefore it could be concluded that the area should have been
ish Fossil Cycad National Monument.  The bill was intrGgtained in the system based on its merits in relation to the
duced at the request of the National Park Service. thematic evaluation.” The legislation abolishing the monu-
Robinson suggested that the site be transferred to the Squfy: contains the following statement, “That if any excava-
Dakota Historical Society with the intent to preserve the fosgil s on such lands for the recovery of fissionable materials or
locality from any exploitation by private individuals. Robinsoqy, ther minerals should be undertaken, such fossils remains

traveled to Fossil Cycad National Monument on May 28, 199f¢6yered shall become property of the Federal government.”
with the Superintendent of Wind Cave. There was no e & 1161).

dence of fossil cycad material on the surface during their visit.

According to Dr. Bump, a professor at the South Dakota ACKNOWLEDGEMENTS
School of Mines, there are other cycads found in the Black It is with pleasure that we thank a number of individuals
Hills. Bump indicated, though, that other than a few spetiiat provided interest, input and support to this publication.
mens in the collections at his institution, Wieland apparentyvid Aase, seasonal paleontologist at Fossil Butte, has pro-
took all the cycads from the monument and set them up imided significant editorial improvements. Leah Madoff, Merry
museum at Yale. Bacon and Bianca Santucci have also aided in the editorial

During the 8% Congress, Senate Bill 1161 was introprocess. Thanks to National Park Service staff including:
duced to abolish Fossil Cycad National Monument as a uBhawn Duffy (Park Ranger), Bill Swift (Park Ranger), Barry
of the National Park Service. The bill was supported by tMacintosh (NPS Historian), and David Nathanson (NPS Li-
Department of Interior and by the National Parks Associarary Harpers Ferry Center) for helping to pull together for-
tion. The bill was signed into law on August 1, 1956 argbtten archives related to Fossil Cycad National Monument.
became effective September 1, 1957. On December 6, 1987arles and Barbara Longenecker helped to ensure that every
Assistant Secretary of Interior Royce A. Hardy issued Pub$itone was unturned in our efforts to uncover the scattered in-
Order 1562 to carry out the directive of the public law. THermation related to Fossil Cycad. We also thank Linda Klise
land was turned over to the Bureau of Land Management.(Yale-Peabody Museum of Natural History), William Massa
(Yale University Libraries), Joseph Schwarz (National Ar-
chives), Terry Baca (BLM) and historian Jim Moon (BLM)

Between 1957 and 1998, the Bureau of Land Managg; nroviding information and suggestions. Finally, Bob
ment (BLM) has maintained the 320 acre site previously dgfiygins’ (NPS - Geologic Resources Division) enthusiasm and

ignated as Fossil Cycad National Monument within the Soyterest in the Fossil Cycad story has inspired us to develop
Dakota Resource Area. In 1980, construction within a 3995 manuscript.

foot highway right-of-way occurred within the boundaries of

the revoked monument. During construction activities, fossil
Cycad materlal was unearthed 9 August 1938. Not Our Lizards. Hot Springs Star: 2.

In 1997, the BLM published an environmental assed3RYANT, H. C'. 22 Novembgr 1935. Letter.to C. Weg.emann (copy in
ment (EA) that analyzed the Fossil Cycad area relative to POSSession of the United States National Archives).

. L . UREAU OF LAND ManacemenT. November 1997. Areas of Critical
meeting the Area of Critical Environmental Concern (ACE Environmental Concern: Environmental Assessment and Draft

criteria. The ACEC designation highlights areas where spe- amendment of the Billings, Powder River and South Dakota

cial management attention is needed to protect and prevent Resource Management Plans. BLM Miles City District Office.
irreparable damage to resources. Members of the public nomi- EA Number MT-202-98-01, 97p.

DEAUTHORIZATION OF THE MONUMENT

POST-MONUMENT HISTORY
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MESOZOIC MOLLUSCAN FOSSILS FROM THE GOLDEN GATE

NATIONAL RECREATION AREA AND THEIR SIGNIFICANCE TO

FRANCISCAN COMPLEX TERRANE RECONSTRUCTIONS, SAN
FRANCISCO BAY AREA, CALIFORNIA

WILLIAM P. ELDER
National Park Service, Fort Mason, Building 201, San Francisco, CA 94123

AssTrAcT—Macrofossils are extremely rare in the Franciscan Complex. Three important Franciscan macrofossil localities are on
lands of the Golden Gate National Recreation Area (GOGA). Two of these localities contain age diagnostic ammonites and lie in
the Marin Headlands terrane, adjacent to the Golden Gate. At one locality, just south of the@dteicerascf. D. mammillatum
(Schlotheim)indicates an Albian age. At the second locality, north of the Golden Gate in the Marin Heddiamadjcerassp.

provides a Cenomanian age. The third important area is on Alcatraz Island, where several sites provide bivalve collections mad
over the past 130 years. The earliest collections consist of moldsa#ramusand other bivalves of uncertain age. More
recently, the Valanginian bivalv@uchia pacifica was reported from Alcatraz. Most recently, a juvenile inoceramid bivalve
suggestive of a Cenomanian age was found on the island.

Blake et al. (1984) assigned Alcatraz Island to a terrane separate from the nearby Marin Headlands terrane on the basis of
apparent age and petrographic differences between graywackes of the two terranes. However, the inoceramid specimen recently
found on Alcatraz, as well as others described by Gabb (1868p@ramus elliotiiresemble Cenomanian species, implying a

similar age for graywackes of the two terranes and diminishing the need for a separate Alcatraz terrane. However, minimal
stratigraphic separation between the Cenomanian and Valanginian fossils on Alcatraz suggests a problem with one okthe age call
A reasonable alternative solution, therefore, is assignment of the inoceramidimteéramus neocomiengjsoup of Neocomian

age, thus, indicating that the Alcatraz terrane is indeed separate from the Marin Headlands terrane.

INTRODUCTION

HE Franciscan Complex is comprised of a complexly de| =

formed amalgamation of tectonostratigraphic terranes | =
differing depositional and deformational histories. The te| :
ranes are composed of oceanic blocks that may include b
mafic basement and overlying sedimentary rocks. These blo
were shingled against the western margin of North Ameri| =—
as the Pacific Plate was subducted under the North Ameri¢f “L1 “===
Plate prior to formation of the San Andreas fault. In the Si r‘={ b
Francisco Bay area, the Franciscan Complex has been divi| &1
into numerous terranes contained within the Eastern a
Central melange belts. The Eastern belt lies inboard and str| Pacific
turally higher than the Central belt and is of higher metam¢| Cceant
phic grade. Blake et al. (1984) defined essentially eight te -
ranes in the Central belt in the San Francisco Bay area (F I
ure 1) on the basis of differences in basement rock types and
ages, in the ages and types of overlying sedimentary sequerfeéese 1—Location map showing terranes of the Franciscan Com-
and in metamorphic grade. Of particular importance to thisplexidentified in the San Francisco Bay area by Blake et al. (1984),
report are the Marin Headlands and the Alcatraz terrane§,nd the three GOGA molluscan localities discussed herein: 1)
where the molluscan fossils discussed herein were found., Marin Headlands locality where Cenomanidantelliceraswas
Sedimentary rocks of the Franciscan Complex are prefoUnd: 2) Baker Beach locality with AlbiaDouvilleiceras 3)
- . . . - Alcatraz localities wherénoceramusBuchig and other bivalves
dommantly _composed of continental margin sediments, priy ave been found. Modified from Blake et al. (1984).
marily argillite and graywacke sandstone, but also are repre-
sented to a lesser extent by open-ocean facies, such as chert or
Irlgzsetgt?\?elslnr\?\;‘rgec;rr:s;izz'c:;égg'ﬂ%&gg;ﬂ%ﬂg;gga Oé)l’|y constrained, because the clas_tic facies deposited on the
control for times of open-ocean deposition on Franciscan ter—Cks when the_y neared the continental margin generall_y
rane blocks. However, the time of accretion of these oce reserve no fossils. Therefore, the molluscan fossils found in

C
blocks onto the western margin of North America is typical

he GOGA are highly significant because they provide critical
elontrol on the time when these oceanic blocks collided with

90
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EXFLAMATION

Comf - O iwireery, dificas |l Kin - Creiscacis, Frarciscsn eanoeicrs .

Ol Cusmmary, ndelide depoors kimnhi - = Er e ; E s AN Eeoien
wrd| mha b
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Ficure 2—Map of Alcatraz Island showing fossil localities (triangles) and geologic cross sectionsedgénamusandBuchialocalities
projected onto them, indicating approximate stratigraphic separation. Modified from Armstrong and Gallagher (1977).

North America. In addition, the fossils help in defining ancontrast, Matsumoto (1960) and Elder and Miller (1993) specu-
assigning rocks to the different terrane blocks. lated that. elliotii may be equivalent tb crippsi Mantell of
Cenomanian age. Anderson (1938, p. 121) also described
Lucina alcatrazison the basis of three molds obtained from

Molluscan fossils from the Franciscan Complex in lang§,ppy's Alcatraz material. Likewise, this species has not been
that now lie in the GOGA have been known for over 130 yeafganiified elsewhere and is of little age significance.

with the earliest specimgns being found in a barge containing |, 1976, the next fossil find on Alcatraz (Figure 2) pro-
sandstone.blocks quarried from Alcatraz Is_Iand. in the 186QSeq specimens identified Bachia pacifica(Jeletzky) and
These_fossns were presepted to paleontologist William M. Gf"\bf?-:uromyasp. by David Jones in Armstrong and Gallagher
by Major George H. E"!Ot' Gabb (18693 P- 193, pl. 31, f'§(1977). Buchia pacificais indicative of a latest Berriasian to
90) s_,ubsequently describ&tbceramus eII|ot|ba§ed on sev- early Valanginian age arRleuromyais a genus typical of the
eral internal and external molds of these specimens and afiligcomian rocks of the west coast (Jones et al., 1969; Bralower
tional material that he collected on the island in 1864 (Figf 51 1990: Anderson 1938). The most recent fossil find on
ures 2 and 3). No other specimens have been assigned tOfiiya; was in 1992, when Ranger Ted Stout found a juve-
species, however, due to the poor condition of the syntypeS R ingceramid bivalve (Figures 2 and 3). Elder and Miller
which it is based, although Crame (1985, p. 483, text-fig. 4Qky93) assigned this specimen to lineceramus pictugroup
identified aninoceramusaff. I. elliotii Gabb from the Lower ¢ |5te Cenomanian age.

Cretaceous of Antarctica. A Cenomanian age for the new inoceramid from Alcatraz

. Because of the significance of Alcatraz specimens on pjgryn is consistent with the age indicated by a specimen of
viding an age for the Franciscan Complex, they have b&eR ymmonite genudantelliceras found at the north end of
further discussed or |IIusFrated by Stewart (1930, pl. 2,.f|g. @ie Golden Gate Bridge and identified by Hertlein (1956) (Fig-
Anderson (1938, pl. 7, fig. 1), Matsumoto (1960), Bailey gte 1) The early Cenomanian age indicated by that ammo-
al. (1964, p. 115), and Elder and Miller (1993, p. 8). And&fje is slightly younger than the early Albian age indicated by
son (1938, p. 99) considergwbceramus elliotiito be related , pyjlleicerasct. D. mammillatum(Schlotheim) specimen
to . ovatusStanton and thought it to be of Neocomian age. 8und just south of the Golden Gate (Figure 1), at the north

FOSSILS
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Ficure 3—1, Scanned image of plaster cast of syntypmoteramus elliotiiGabb, 1869, from which Gabb’s (1869; pl. 31, fig. 90) was
drawn. Specimen also was illustrated by Stewart (1930; pl. 2, fig. 2) and is an internal mold; Accession No. ANSP# 4d1, Cat.
28869. 2) Scanned image of plaster cast of syntypeoéramus elliotiirom Gabb’s collection but never before illustrated. Specimen
is an internal mold; Accession No. ANSP# 4411, Cat. No. 28870. 3-4) Inoceramid found by Ted Stout in 1992 and identified as
Inoceramusex gr.pictusin Elder and Miller (1993). Accession # GOGA-1651, Cat. No. GOGA-18502a&b. 3 - Scanned image of latex
pull of external mold. 4 - Scanned image of plaster cast of internal mold. 5-6) Scanned images of Woods’ (1911)Ifiguezarofis
neocomiensis’Orbigny, 1846. 5 - Woods (1911, pl. XLV, fig. 1). 6 - Woods (1911, pl. XLV, fig. 2).

end of Baker Beach (Schlocker et al., 1954). Both of thd®aind. In addition to the apparent age differences in the
ammonites were found in rocks assigned to the Marin Heaglaywackes of these two terranes, they also differ petrologi-
lands terrane of the Franciscan Complex. cally, with the Alcatraz sandstones containing a significantly
lower lithic component (Jayko and Blake, 1984, figs. 4a-b).

) However, if the rocks on Alcatraz are Cenomanian rather than
Blake et al. (1984) defined the Alcatraz terrane as SeRganginian in age, as suggested by the inoceramids, then des-

rate from the Marin Headlands terrane on the basis of {§fation of a separate Alcatraz terrane is less compelling, thus,
former being primarily composed of a relatively thick sequengg ,a\vhat simplifying Bay Area geology.

of turbidite sandstone with minor shale of Valanginian age, in - the main obstacle to declaring a Cenomanian in age for
contrast to the latter terrane, which includes oceanic VOICaHiFthe rocks on Alcatraz is the ValanginiBuchia speci-

basement overlain by pelagic chert that is as young as [3{gs identified in Armstrong and Gallagher (1977). Unfor-
Albian to early Cenomanian. The chert of the Marin Heagjately, those specimens have been lost and, therefore, can-
lands terrane is overlain, however, by a thick turbiditigy he restudied. Several recent attempts to recollect the lo-

graywacke sequence from which the Cenomaniagiiy have failed to yield identifiable fossils. A Valanginian
Mantellicerasand AlbiarDouvilleicerasammonites have beenage assignment for these specimens presents two problems.

DISCUSSION
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First, the presence of Franciscan graywackes of that ageated with their age determinations, and terrane assignments

guires establishment of a separate Alcatraz terrane; a requifeAlcatraz. LouElla Saul provided the casts of Gabb’s type

ment that is supported, however, by pertrographic differenceaterial which the Los Angeles County Museum of Natural

between the rocks on Alcatraz and those of the Marin Heéatistory had obtained from the Academy of Natural Sciences

lands terrane. Second, the stratigraphy on Alcatraz IslasfdPhiladelphia (ANSP). Two anonymous reviewers improved

indicates that the Valanginian fossils lay only about 60 the manuscript.

stratigraphically below the inoceramids of apparent REFERENCES

Cenoma.man age (Figure 2)'. ”.1 the rapld .d.epOS|tlon.al SettmngTRONq C. F.anD K. GaLLAaGHER. 1977. Fossils from the

of turbu:ﬁte environments, this is an |nsuff|IC|ent stratigraphiC £ 41 ciscan assemblage, Alcatraz Island. California Geology,

separation to account for a 40 Myr age difference, and there 30.134-135.

are no obvious intervening faults or other structural featur&sperson F. M. 1938. Lower Cretaceous deposits in California and

that can account for this missing time. In re-evaluating the Oregon. Geological Society of America Special Paper 16, 339

age implications of the fossils reported on by Armstrong and p.

Gallagher (1977), Elder and Miller (1993) suggested that tRaLeY, E. H., W. P.&win, anp D. L. bnes 1964. Franciscan and

Buchia pacificaidentified may actually be deformed rela_ted _rocks, _and _thei_r _significange in the geology of Wes_tern

Inoceramus gradilisPergament, which looks very similar to fggfolr;“?abca“fom'a Division of Mines and Geology Bulletin

B. pamﬁcaapd is of middle anomaman age. There are tv&cEAKE’ M. C. k. D. C. HoweLe, anp A. S. hvko. 1984.

prOb!?mS with this interpretation, how?.ver' Filsgceramus Tectonostratigraphic terranes of the San Francisco Bay Region.

gradilis has not been found on the Pacific coast south of Alaska p_ 5.22 in Blake, M. C. Jr., ed., Franciscan Geology of North-

(Elder and Box, 1992). Second, the co-occurring genus ern California. Pacific Section SEPM, volume 43.

Pleuromyais largely restricted to and typical of NeocomiaBraLower, T.J., K. R. lubwig, J. D. GrapovicH, aND D. L. DbnEs

age rocks on the west coast. 1990. Berriasian (Early Cretaceous) radiometric ages from the
One solution to the above-noted age problem is that the Grindstone Creek section, Sacramento Valley, California. Earth

Cenomanian inoceramid calls are wrong, and that the rocks and Planetary Sciences Letters, 98:62-73.

on Alcatraz are all of Neocomian age. Neocomian inoceram ME, J. A._ 1985._ Lower Cr_etaceous inoceramid bivalves from the

o . . Antarctic Peninsula region. Palaeontology, 28:475-525.

on the Pacific coast of North America are not diverse and %reONDT, A. V. 1992. Cretaceous inoceramid biogeography: a review.

poorly documented. In addition, thg rqcks "_’md TOSS'IS 0 Palaeogeography, Palaeoclimatology, Palaeoecology, 92:217-232.

Alcatraz are somewhat deformed, making identifications teftjser WP, anp S. E. Bx. 1992. Late Cretaceous inoceramid

ous. However, inspection of plaster casts made from three of pjvalves of the Kuskokwim basin, southwestern Alaska, and

Gabb’s inoceramid specimens, as well as the specimen found their implications for basin evolution. Paleontological Society

in 1992, provides a better idea of the morphology of the Memoir 26, 39 p.

inoceramid Species than was previous|y possib|e (Figure —3)_—, and J. E. Miller. 1993. Map and checklists of Jurassic and

The morphology of these specimens is not like that of typical Cretaceous mac_rofos_sil Iocaliti_es within the San Jose 1:_100,000

west coast Neocomian inoceramids, sudh@satoidesAnder- quadrangle, California, and_dlscussmn of paleqntologlcal re-

. . . . sults. United States Geological Survey Open-File Report 93-
son, but is compatible with them belonging to lieceramus 503, 49 p.
neocomiensigi'Orbigny group (Figure 3.5, 3.6; also Se%ABB, W. M. 1869. Cretaceous and Tertiary fossils. P. 127-205,

Woods, 19_111 pl. XLV, figs. 1_'2)- Specimens of this species  pajeontology of California. California Geological Survey, Vol-
group, which resemblé anglicusWoods but have coarser ume 2, Section 2.

concentric rugae, occur in Hauterivian age rocks of OregorHertiem, L. G. 1956. Cretaceous ammonite of Franciscan group,

association withPleuromya(imlay, 1960, p. 177). Thé Marin County, California. American Association of Petroleum
neocomiensigroup is typical of the Valanginian to Berramian ~ Geologists Bulletin, 40:1985-1988.
interval (Dhondt, 1992). ImLay, R.W. 1960. Ammonites of Early Cretaceous age (Valanginian

In conclusion, until more definitive paleontologic evidence 2@ IHa_”telr'V'a”) from fthe _Pac'lf'c Coast States. United States

is unearthed on Alcatraz, the age of the rocks on the islaﬂgkoee: ?':’?Dsl\xr\gy;;&e\s:olngz 4Pasp:(;irs;]3ed;tlzrp. 167-228.
- . . , A. S. . C. . . y petrology of

a_md the validity of the Alcatraz terrane, will .remam In ques- graywacke of the Franciscan Complex in the northern San Fran-
tion. However, the bulk of the paleontologic data, coupled cjsco Bay area, California. P. 121-1&2Blake, M. C. Jr., ed.,
with the stratigraphic constraints on Alcatraz, argue for a Franciscan Geology of Northern California. Pacific Section
Neocomian age for the Franciscan graywacke on the island. SEPM, volume 43.
This age is significantly older than the Albian to Cenomanigones D.L., E. H. Buev, ano R. W. mtay. 1969. Structural and
graywacke of the Marin Headlands terrane, supporting a dis- stratigraphic significance of thBuchia zones in the Colyear

tinct Alcatraz terrane with petrologically different sandstone. SPrings - Paskenta area, California. United States Geological
Survey Professional Paper 647-A, 24 p.
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TAXONOMY AND ICHNOFACIES OF PERMIAN TETRAPOD TRACKS
FROM GRAND CANYON NATIONAL PARK, ARIZONA

ADRIAN P. HUNT! AND VINCENT L. SANTUCCF

IMesalands Dinosaur Museum, Mesa Technical College, 911 South Tenth Street, Tucumcari, NM 88401
2National Park Service, PO Box 592, Kemmerer, WY 83101

ABsTRACT—A recent renaissance in the study of Permian tetrapod ichnofaunas has resulted in a reevaluation of the important
specimens from Grand Canyon National Park. The ichnofauna of the Coconino Sandstone cdabisédishofus bucklandiC.

gigasand C. duncaniand represents the cosmopolit@helichnusichnofacies. The ichnofauna of the Hermit Shale includes
Batrachichnus delicatulus, Parabaropus coloradenkigloidichnus bifurcatusGilmoreichnus hermitanyd.imnopussp. and
Ichniotheriumsp. and represents an “inland” redbed facies.

and were described by Gilmore in additional monographs

. (Gilmore, 1927b, 1928a) and a short paper on the first tracks

U NDOUBTEDLY THE MOSt significant collection of Paleozoict oy the North Rim (Gilmore and Sturdevant, 1928). Gilmore

Jvertebrate tracks in North America was collected and dgz, \rote three more popular papers describing his collect-
scribed by Charles Gilmore of the United States National MiH'g efforts (Gilmore, 1926a, 1927a, 1928h).

seum (Smithsonian) in a series of classic works (Gilmore,” £o: the next 70 years there was little reevaluation of

1926b, 1927b, 1928a). Gilmore collected these specimens figfiin re's work except by Don Baird of Princeton (Baird, 1952,
three formations in Grand Canyon National Park. During % in spamer, 1984). A renaissance of Paleozoic track stud-
last five years there_has bee_n a radical reappralsgl of Perr_lﬂégqook place in the mid 1990's. The Rosetta Stone for a new
tetrapod tracks and ichnofacies.The purpose of this paper iglQ, aition of Permian tracks was provided by studies of the
briefly review the taxonomy of the Grand Canyon collections tansive ichnofaunas from the redbeds of southern New
of tetrapod tracks and to comment on their ichnofacies sigayico (Haubold et al., 1995, Hunt et al., 1995). The New
nificance in the light of these recent changes. Mexico tracksites provided large sample sizes of all the most
ICHNOTAXONOMY significant Permian ichnotaxa and included a broad range of

History of study—Schuchert (1918) first collected tetraprese_rvational variants. Th_ese samples provided a new per-
pod tracks in Paleozoic strata on the South Rim of the Graigctive on the plethora of ichnotaxonomic names of tetrapod
Canyon. Lull (1918) utilized this collection from the Permiaffacks from Permian redbeds, most of which had been described
Coconino Sandstone in the first scientific description of P3D the basis of small sample sizes. During the same timeframe
leozoic tetrapod tracks from Arizona. In 1924 the NationHl€® Was a major reevaluation of the equally confused
Park Service invited Charles Gilmore to visit Schuchert's [{Ehnotaxonomy of tetrapod tracks fro.m Permian eollamtes.
cality and to prepare dn situexhibit on the now abandoned(Morales and Haubold, Morales, 1995; Haubold et al., 1995;
Hermit Trail (Spamer, 1984). Gilmore (1926b) described tHidcKeever and Haubold, 1996). Haubold (1996) reviewed the
new Coconino collection and was later funded by the Mar8RW ichnotaxonomy of Permian tracks that derived from these
Fund Committee of the National Academy of Sciences (192§§7ks- One of the main purposes of this work is to provide a
and the Grand Canyon Exhibit Committee of the Nation2f"W evaluation of the taxonomy of the Permian tetrapod tracks
Academy of Sciences (1927) to make additional collectiof@m the Grand Canyon (Tables 1-2). _
and exhibits (Spamer, 1984). These new collections came Coconino Sandstone-The first fossil footprints to be de-
from the Hermit Shale (Permian) and Wescogame FormatRfijibed came from Permian eolianites of Scotland (Grierson,
of the Supai Group (Pennsylvanian) as well as the Coconitfid)- Subsequently, important ichnofaunas were described

INTRODUCTION
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TasLE 1—Revised ichnotaxonomy of tetrapod ichnofauna of thiEasLe 2—Revised ichnotaxonomy of tetrapod ichnofauna of the Her-
Coconino Sandstone at Grand Canyon National Park (McKeevemit Shale at Grand Canyon National Park (Haubold et al., 1995a;
and Haubold, 1996). this paper).

Chelichnus duncar{Owen, 1842) (Baropezia arizonae, Allopus? arizonae, Batrachichnus delicatulugLull, 1918) (= Exocampe (?) delicatula,
Baropezia eakiniAgostopus matheriAgostopus mediysalaeopus Batrachichnus delicatuleBatrachichnus obscury®romillopus parvus
regularis, Barypodus tridactylusBarypodus metszemanopus maximus, Parabaropus coloradensig.ull, 1918)E Megapezia(?) coloradensi
Laoporus noblein part of Gilmore, 1926b) Hyloidichnus bifurcatussilmore, 1927b (Hyloidichnus whitei

Chelichnus gigaslardine, 1850 (Barypodus palmatysAmblyopus Gilmoreichnus hermitanugGilmore, 1927b)(-Palaeosauropus hermitanus
pachypodus, Baropus coconinoepsis Hylopus hermitanysCollettosaurus pentadactylus, Cursifgs)

Chelichnus bucklanddardine, 1850HDolichopodus tetradactylytaoporus  Limnopussp. (=Parabaropus coloradensisf Gilmore, 1927b in part)
s?huclzlherti L?oporus coloradensjsNanopus merriamiLaoporus noblei |chniotheriumsp. (=Parabaropus coloradensif Gilmore 1928a in part)
of Lull, 1918

ifferences in footprint morphology or trackway pattern re-

by eolian strata of Germany (Cornberger Sandstein), Corfé'cted the presence of different trackmakers. A reevaluation

rado (Lyons Sandstone) and Arizona (Coconino Sandstoglethe tetrapod ichnotaxa from the Hermit Shale of the Grand

DeChelly Sandstone) as well as additional specimens frQJfﬁnyon reveals a lower ichnodiversity than was previously
Scotland (Hopeman, Corncockle and Locharbriggs SandSt%‘@ognized (Table 2)

Formations). A large literature described many ichnotaxa from
these formations. However, recent work spearheaded
Hartmut Haubold has demonstrated that virtually all tetrap
tracks from Permian eolinaites represent three species of B
genus, with only the rarest exceptions (Haubold et al., 199

McKeever and Haubold, 1996; Haubold, 1996). Certainly%
the Coconino tracks fall within three speciesChielichnus

E)McKee;e:jand HalljbOIc?' 1%9?“;heli0hn93is cEaracterizfed specimen (USNM 11707) originally described by Gilmore
y rounded manual and pedal impressions that are of ne 28a, pl. 1). Unfortunately the holotype of this specimen is

egual size and which exh?bit five short, rounded toe impress, . o<t (Haubold et al., 1995a¢hniotheriumis common in
sions (though less than five may be preserved). Trackw ope but very rare in North America (Haubold et al., 1995a;

have a pace angulation of about 8ad the manual and peda nt et al., 1995: Hunt and Lucas, 1998b). A second prob-
impressions are close together (McKeever and Haubold, 19?(.§lliﬂatic specimen is USNM 11598, a specimen that Gilmore

The_ three_ valid species Ghelichnusare distinguished on the 1927b, pl. 17, no. 1; Haubold et al., 1995a, fig. 24B) assigned
basis of size alone and are presumed to be the tracks of caseid-

X . ) . arabaropus coloradensisdaubold et al. (1995a) noted
like animal (e. g. Haubold, 1971ghelichnus bucklandias ., i specimen is different from P. coloradensis in possesing

pedal ircrjlpres_sion I;—:ngths of 10-25 m@,duncani;)f 25'Z)Eslddistinct plantigrade impressions, elongate pedal imprints and
mm andC. gigaso 75'];25 mm (I\{IcKeever an Haubo less diverging digit impressions. They concluded that this
1996). Thu_s, all Gilmore’s (and Lull's) named ichnotaxa fro'??ackway represents undertracks of eithBiraetropusspeci-

Fhe Coconino Sandstone O_f the Qrand Canyon can be pl that preserves prominent pads and reduced digit impres-
in one Qf t_hese three species. Gl_lmore (1927b) was awarg;af o ¢ o largeimnopusspecimen (e. gLimnopus zeille).

the similarity of some of his specimens from the Grand Cajy prefer the second interpretation because of the large manual

yon to those from Scotland, but he persisted with his (aB d impressions and because the long axis of the manual im-

Lu”’S), distin(?t ichn_otaxonom.y (e. 9. G?Imore, ;9_283‘),' é)rints is inclined at a high angle to the direction of travel.
Size by itself is not the ideal criterion to distinguish be-

tween ichnospecies, but, the revised ichnotaxonomy presented ICHNOFACIES
here represent the current consensus. The low ichnotaxonomicHistory of study—Gilmore was aware that the Coconino
diversity in Table 1 is in keeping with the low animal diverSandstone and Hermit Shale were deposited in different sedi-
sity that would be expected in a dunefield. mentary environments but Baird (1965) was the first to em-
Hermit Shale—The Hermit Shale tetrapod tracks occuphasize that the differences between the Permian ichnofaunas
in redbeds, in contrast to the eolian strata of the Coconisfothe redbeds of the American West and those of eolianites
Sandstone. Recent work has indicated that Permian redheght be a result of facies differences. There has been a long
ichnofaunas are of low diversity and cosmopolitan natuttedition of recognizing ichnofacies in invertebrate traces, but
(Haubold et al., 1995a; Haubold, 1996; Hunt and Lucabge concept has only recently been applied to vertebrate tracks
1988b). A reevaluation of Gilmore’s ichnotaxonomy indicatgsockley et al., 1994). Tetrapod ichnofacies have been defined
that he had overestimated the diversity of the Hermit Shale“multiple ichnocoenoses that are similar in ichnotaxonomic
ichnofauna. Gilmore, in common with all pre-1990’somposition and show recurrent association in particular en-
ichnologists, was not sufficiently aware of the variable tracegonments (Lockley et al., 1994, p. 242). Lockley et al. (1994),
that could made by a single trackmaker given variations Hunt et al. (1995), Haubold (1996) and Hunt and Lucas (1998a)
substrate conditions and gait. Thus, Gilmore assumed thahalle all discussed Permian tetrapod ichnofacies.

The Hermit Shale ichnofauna includes the nearly ubiqui-
B s temnospondyl tracRatrachichnus delicatuluReptile
cks includeParabaropus coloradensiand Hyloidichnus
Srcatus (seymouriamorph or diadectid tracks) and the small
lycosaur tracksilmoreichnus hermitanugwo other more
oblematical ichnotaxa are present in the Hermit Shale col-
lections. Haubold (1971) namézhniotherium gilmorefor a
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Coconino Sandstone-The low-diversity tetrapod 1928a. Fossil footprints from the Grand Canyon: third
ichnofauna of the Coconono Sandstone C|ear|y represents thecontribution: Smithsonian Miscellaneous Collections, v. 80(8),
Chelichnudchnofacies (faoporusichnofacies of Lockley et 16 p. ) o
al., 1994) that is known from the DeChelly and Coconino Sarid- -, 1928b. Fossil footprints in the Grand Canyon of the Colo-
stone of Arizona, the Lyons Sandstone of Colorado, the r7a<io, Arizona: Smithsonian Institution Publication, v. 2957, p.
HOpeman’ Corncockle and Locharbriggs _Sandstone Forma- ,and G. E. 8sroevanT. 1928. Discovery of fossil tracks on
tions of Scotland, the Cornberger Sandstein of Germany and the north rim of the Grand Canyon: Science, v. 67, p. 216.
the Los Reyunos Formation of Argentina (Hunt and Lucasgierson J. 1828. On footsteps before the flood, in a specimen of
1988a,b). red sandstone: Edinburgh Journal of Science, v. 8, p. 130-134.

Hermit Shale—Permian tetrapod ichnofaunas fronmHausop, H. 1971. Ichnia amphibiorum et reptiliorum fossilium:
redbeds are cosmopolitan in nature, but a number of ichnofacies Handbuch der Paleoherpetologie, Teil 18: Stuttgart, Gustav
can be recognized (Hunt et al., 1995; Hunt and Lucas, 1988a). Fischer Verlag, 124 p. _ o
Hunt and coworkers (Hunt et al., 1995; Hunt and Lucas, 1988a) - 1996. lchnotaxonomie und Klassifikation von
have suagested that the Hermit Shale ichnofauna shows Tetrapodenfaehrten aus dem Perm: Hallesches Jahrbuch

a9

imiliariti ith K bl f “inland” . Geowissenschaften, v. B18, p. 23-88.
similiarities with track assemblages from “inland” environ- ,A. P. HUNT, S. G. lucas, axp M. G. Lockiey. 1995a.

ments that were not in close proximity to a marine shoreline. \woitcampian (Early Permian) vertebrate tracks from Arizona
This hypothesis is supported by the following featrures of the and New Mexico: New Mexico Museum of Natural History and
Hermit Shale ichnofauna (Hunt et al., 1995; Hunt and Lucas, Science Bulletin, v. 6, p. 135-165.
1988a): , M. G. LockLEy, A. P. HunT, anD S. G. lucas. 1995b.
* Presence dfchniotheriumandParabaropusthat are “in- Lacertoid footprints from Permian dune sandstones, Cornberg
land” facies fossils: and DeChelly sandstones: New Mexico Museum of Natural His-

) ) tory and Science Bulletin, v. 6, p. 235-244.
* Absence ofDromopusthat is abundant in coastalyyyr, A. P, anp S. G. lucas. 1998a. Implications of the

ichnofaunas; cosmopolitansim of Permian tetrapod ichnofaunas: New Mexico
* Presence of.imnopusthat is uncommon in coastal Museum of Natural History and Science Bulletin, in press.
ichnofaunas ,and . 1988a. Vertebrate ichnofaunas of New Mexico

- . T and their bearing on Early Permian tetrapod ichnofacies:New
The Hermit Shale ichnofauna shows several similarities : . ) >
Mexico Museum of Natural History and Science Bulletin, in

with the “inland” ichnofauna of the Sangre de Cristo Forma- press.

tion in New Mexico [chniotherium, Parabaropysbut is dis- M. G. LockLey, H. HaugoLp, AND S. Brappy. 1995. Tetra-

tinct in lackingDromopusand Dimetropus pod ichnofacies in Early Permian red beds of the American
Southwest: New Mexico Museum of Natural History and Sci-

] ) . ence Bulletin, v. 6, p. 295-301.
Recent work has resulted in a major reevaluation of thgckiev, M. G., A. P. HInT, anD C. Mever. 1994. Vertebrate tracks

ichnotaxonomy and ichnofacies context of the Permian tetra- and the ichnofacies concept: implications for paleoecology and
pod tracks of the Grand Canyon. Hopefully this renaissance palichnostratigraphy; in Donovan, S., ed., The paleobiology of
of knowledge about Paleozoic tracks will spur further study of trace fossils: London, John Wiley, p. 241-268.

the important ichnofaunas of Grand Canyon National Parkutt, R S. 1918. Fossil footprints from the Grand Canyon of the
Colorado: American Journal of Science, fourth series, v. 45, p.

CONCLUSIONS
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AN IDENTIFICATION KEY TO PERMIAN TETRAPOD TRACKS FROM
GRAND CANYON NATIONAL PARK

ADRIAN P. HUNT! AND VINCENT L. SANTUCCF

IMesalands Dinosaur Museum, Mesa Technical College, 911 South Tenth Street, Tucumcari, NM 88401
2Naitonal Park Service, PO Box 592, Kemmerer, WY 83101

AssTrRACT—Abundant Permian vertebrate tracks from Grand Canyon National Park are preserved in the Coconino Sandstone and
Hermit Shale. Most of these tracks were studied and described by Charles Gilmore of the Smithsonian Institution during the
1920s. A recentrenaissance in the study of Permian tetrapod ichnofaunas in North America has resulted in a reevadiration of th

ichnotaxonomy. A key to the identification of the Permian tracks from Grand Canyon has been developed utilizing the revised
nomenclature.

throughout the world and represents a small amphib-
ian]
No - Limnopussp. (Figure 1B)
[This is track is only known from one example from
the Hermit Shale - see Hunt and Santucci (1998) and
represents a larger amphibian]

INTRODUCTION

HE MosT significant early collections of Permian tracks to

be described from North America came from Grand Can-
yon National Park. Charles Gilmore of the Smithsonian Insti-
tution described most of these footprints in a series of classic
monographs (Gilmore, 1926, 1927, 1928). During the last fiye janq and foot prints are about the same size and have short
years there has been a renaissance of the study of Per%éqmpressions.
tracks that has led to a new understanding of the significance vog - g to 4
of the Grand Canyon specimens (e. g., Haubold, 1996). These N - Go to 5
studies have led to a reevaluation of the correct nomenclatyre- print has a length of (Figure 1D).
for these tracks and of their true diversity (Hunt and Santucci, 1_1 5 cm -Chelichnus bucklandi
1998). The purpose of this paper is to provide a brief identifi-
cation key to the Permian tracks from the Grand Canyon uti-
lizing the revised nomenclature. Lucas and Hunt (1998) pro-
vide a complimentary key to identifying some Permian tracks
from New Mexico. Note that this key is only for Permian tracks
(Coconino Sandstone and Hermit Shale) and should not be
used for tracks from the Supai Group.

Hunt and Santucci (1998) recognize the following Per-

mian footprint types from the Grand Canyon: very different looking footprints. These tracks may
* Coconino Sandston&helichnus bUCklandi,Che”ChnUS represent a herbivorous caseid rept”e]

gigas,Chelichnusiuncani; 5. Foot print is greater than 50 cm long with wide toe impres-
* Hermit ShaleBatrachichnus delicatulus, Parabaropus  sions.

coloradensis, Hyloidichnus bifurcatus, Gilmoreichnus Yes-Goto6

hermitanus, Limnopusp.,lchniotheriumsp. No-Goto7
6. Footprints are placed almost in front of each other (narrow
trackway) and the footprint has a very long heel impres-
sion relative to the hand.
Yes -Parabaropus coloradensigigure 1E)

[This is one of the largest tracks in the Hermit Shale
and probably represents a primitive tetrapod such as
a seymouriamorph or a diadectid]

No - Ichniotheriumsp. (Figure 1C)

[This is a very rare Hermit Shale fossil, very common
in Europe, that probably represents an edaphosaurian
reptile]

7. Foot length is less than 50 cm with narrow toe impressions.
Well developed heels and curved digit impressions.
Yes -Gilmoreichnus hermitanu@-igure 1F)

[This is most easily confused witHyloidichnus

bifurcatus. This track was made by a small

2.5-7.5 cm Chelichnus duncani
7.5-150 cm Chelichnus gigas
[These are the only three track species that you should

find in the Coconino Sandstone. If you found these
tracks in the Hermit Shale then you have probably
made a mistakeChelichnustracks are locally very
common in the Coconino and they display a tremen-
dous range of preservational variants that can give

IDENTIFICATION KEY

1. Four-toe impressions on hand print.
Yes - Go to 2.
No - Go to 3.

[Note that unusual preservation conditions may result
in the preservation of less than the actual number of
digit impressions. Be particularly wary of tracks that
appear indistinct. If your specimen is from the
Coconino and only has four apparent toe impressions
you are probably dealing with a poorly preserved
specimen ofChelichnus- see no. 4]

2. Foot print is less than 5 cm long.
Yes -Batrachichnus delicatulu@rigure 1A)

[This is the most common small track in the Hermit
Shale and is widespread in redbeds of Permian age
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Ficure 1—Types of animal footprints from the Permian of the Grand Canyon National®&#trachichnus delicatulu®, Limnopussp.

C, Ichniotheriumsp.D, Chelichnusspp.E, Parabaropus coloradensi§, Gilmoreichnus hermitanuss, Hyloidichnus bifurcatus Scale
bars are 1 cm. The two scale bar®iimdicate the size range of this ichnogenus.

pelycosaurian reptile] 1928a. Fossil footprints from the Grand Canyon: third
No - Hyloidichnus bifurcatugFigure 1G) contribution: Smithsonian Miscellaneous Collections, v. 80(8),

[Some specimens have split tips to their toe impres- 16 p.

sions which is the result of a primitive way of walkHAueop, H. 1996. Ichnotaxonomie und Klassifikation von
ina. not toes that actually divide into two parts. This Tetrapodenfaehrten aus dem Perm: Hallesches Jahrbuch
9, y P : Geowissenschaften, v. B18, p. 23-88.

type of_track was made by a seymouriamorph Orl—ﬂJNT, A. P.,anD V. L. SanTuccl. 1998. Taxonomy and ichnofacies of
diadectid] Permian tetrapod tracks from Grand Canyon National Park,
Arizona: this volume.
. ) Lucas, S. G.AaND A. P. Hunt. 1998. An identification key for Early
Gimore, C. W. 1926. Fossil footprints from the Grand Canyon:  permian tetrapod tracks from the Robledo Mountains, southern

Smithsonian Miscellaneous Collections, v. 77(9), 41 p. New Mexico: New Mexico Geological Society, in press.
1927. Fossil footprints from the Grand Canyon: second

contribution: Smithsonian Miscellaneous Collections, v. 80(3),
78 p.
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INVENTORY OF PALEOZOIC FOSSILS IN CADES COVE, GREAT
SMOKY MOUNTAINS NATIONAL PARK, TENNESSEE

JOHN E. REPETSKI
U.S. Geological Survey, MS 926A National Center, Reston, VA 20192;

AssTrRACT—Carbonate rocks of marine origin form the bedrock of Cades Cove, in the western part of Great Smoky Mountains
National Park. Some of these limestones and dolostones contain fossils. All of the faunas known to date indicate dymedial Ear
Ordovician age and correlation with the middle part of the upper Knox Group and with the Jonesboro Limestone in eastern
Tennessee outside of the Park. An inventory of known Paleozoic fossils from Cades Cove is presented herein; the faunas include
conodonts, brachiopods, mollusks, and trilobites.

INTRODUCTION

EARLY ALL Of the bedrock in Great Smoky Mountains Na

tional Park, North Carolina and Tennessee, is barren of
fossils. However, the bedrock in Cades Cove, in the western
part of the Park (Figure 1), consists chiefly of fossiliferous
carbonate sedimentary rock of marine origin. These lower
Paleozoic carbonate rocks, assigned to the Jonesboro Lime-
stone of the Knox Group (Upper Cambrian and Lower Or-
dovician), contain the fossilized remains of several groups of
marine animals. Fossils are common in these rocks; however,
they are either small and easily overlooked or so small that
they require a microscope for examination. The limestones
and dolostones of Cades Cove have received very little pale-
ontological study. Most of the previous collecting was related
to earlier mapping in the Park and to studies related to re-
gional geologic structure and Appalachian basin geologic his-
tory. Current geologic research in the Park includes addi-
tional paleontological studies in Cades Cove. This report is a
preliminary summary of the fossils currently known from
Cades Cove.

As with artifacts and living plants and animals, the fos-
sils of this and all other National Parks can be collected ofifpure 1—Map showing the location of Cades Cove in the Great
with formal permission from the appropriate Park Superin-Smeky Mountains.
tendent.

MICROFOSSILS Colaptoconus quadraplicaty8ranson & Mehl) (Figure

Conodonts are tiny (generally 0.1 to 1 mm), calcium phos- 2C-D)
phate, tooth-shaped microfossils that were the only hard parts 3 guadraplicatiform elements
of a group of extinct marine animals. These animals, also 46 triplicatiform els.
called conodonts, were common to abundant in most marine 29 prepanoistodus concavyBranson & Mehl)
environments from the Late Cambrian through the Triassic g Eucharodus parallelugBranson & Mehl)
Periods, that is from about 510 million to about 205 million 1 g toomeyi(Ethington & Clark)
years ago. Conodonts are known from five samples of the 5 aff. E. parallelus

Jonesboro Limestone in Cades Cove. 9 cf. Laurentoscandodus triangulari@urnish) (Figure
Sample SOCC-25 [USGS fossil locality 10448-CO] 2A)

Collected by A.P. Schultz & R.C. Orndorff; locality published 16 Macerodus diana&ahraeus & Nowlan (Figure 2A)
in Orndorff and others (1988). This sample, as well as SOCC- Rossodus?. sp. (Figure 2B)

26 and SOCC-27, were processed and the faunas initially ana- 38 coniform elements

lyzed by Orndorff and A.G. Harris in USGS internal report (E 9 oistodontiform els.

& R) 0&G-86-4; the faunas were re-analyzed for the present 1 “Scolopodus” acontiodiformisRepetski

report. 5 “S.” filosus Ethington & Clark
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ure 2C-D)
1 Striatodontus? prolificugi & Barnes (Figure 2E-G)
1 indeterminate fragment
Age—Early Ordovician; early middle Ibexian; “Low Di-
versity Interval” toMacerodus diana&one.
Sample SOCC-27 [USGS foss. loc. no. 10450-€Qpl-
lected by A.P. Schultz & R.C. Orndorff.
1 Colaptoconus quadraplicatu®8ranson & Mehl);
triplicatiform element
1 cf. Eucharodus parallelugBranson & Mehl)
5 indeterminate fragments
Age—Early Ordovician; middle or late Ibexian; “Low
Diversity Interval” toReutterodus andinugone.
Sample RBN-1941-1 [USGS fossil locality number 11493-
CO].—Collected by R.B. Neuman, in 1941. Sample repre-
sents matrix from sample collected for macrofossils; processed
by Repetski.
Colaptoconus quadraplicatu®ranson & Mehl)
6 quadraplicatiform elements
5 triplicatiform elements
4 Drepanoistodus concavyB8ranson & Mehl);
drepanodontiform els.
3 cf. Eucharodus toomeyEthington & Clark)
Rossodusaff. R. manitouensiRepetski & Ethington
1 coniform element
3 “Scolopodus” filosusEthington & Clark
1 Striatodontus? prolificugdi & Barnes
1 Ulrichodina deflexaFurnish
1 unassigned drepanodontiform element
Ficure 2—Scanning electron microscope (SEM) photomicrographs 2 unassigned scandodontiform els.
of some representative conodont elements from Cades Cove, GreatAge—Early Ordovician; early middle Ibexiaktacerodus
Smoky Mountains National Park, Tennessee. All are from USG@#&anaeto lower part ofAcodus deltatus-Oneotodus costatus
fossil collection locality 10448-CO. These specimens are reposiegne.
ip the type collections of the Paleqbiology Department, U.S. Na- Sample Cades Cove block 97-1 [USGS fossil locality
Egﬂglntl\g:::nudrgdal; Strll\la'\r/lléul\;\:;:rlrr:gﬁmc)m inlr?éfiatzeeglae)i‘é\(/:vf .of number 11494-CO}-Collected by C.S. Southworth (USGS),
tall-based drepanodontiform element, X80, USNM 498189. 1997; sample was a block of silicified-brachiopod-rich lime
Rossodu® new species; inner lateral view of oistodontiform elé/yacke_stone. Sample was processed bY Repetski in acetic acid
ment, X120, USNM 498190C-D. Colaptoconus quadra- 8S & single block to recover the brachiopods, as well as the
plicatus (Branson and Mehl); posterolateral views ofcCid-insoluble conodonts and possibly other microfossils.
quadraplicatiform and triplicatiform elements, respectively, X156bout one-third to one-half of the block was dissolved before
USNM 498191 and 498192E-G, Striatodontu® prolificus Ji  neutralization of the acid bath, so that many of the brachio-
and Barnes; posterolateral views, X150 (E, F) and X120 (Glods are partially exposed from the etched block. Conodonts
USNM 498193-195H, Macerodus diana&Ehraeus and Nowlan; gre listed below.
lateral view, X 160, USNM 498196. Colaptoconus quadraplicatu@ranson & Mehl)
15 quadraplicatiform elements
24 triplicatiform elements
88 Striatodontus? prolificugi & Barnes (Figure 2E-G) 2 Drepanodussp. cf.D. arcuatusPander;

1 Ulrichodina abnormalig(Branson & Mehl) drepanodontiform element
18 Genus & species undetermined 7 Drepanoistodusp., aff.D. concavugBranson &
1 unassigned oistodontiform element Mehl)
11 indeterminate coniform elements 11 Eucharodus parallelugBranson & Mehl)
Age—Early Ordovician; early middle Ibexiaktacerodus 2 Eucharodussp.

dianaeZone. 2 Eucharodusp.
Sample SOCC-26 [USGS foss. loc. no. 10449-cQhl- 2 Paroistodus™. sp.

lected by A.P. Schultz & R.C. Orndorff; locality published in 4 Scalpellodus®p.

Orndorff and others (1988). Utahconus™. sp.

1 Colaptoconus quadraplicatuy8ranson & Mehl) (Fig- 9 coniform elements
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ity 1 in Neuman, 1947)Lecanospirasp. (gastropod); ((local-
ity 2 and at several other sites, presumably in several strati-
graphic horizons, according to Neuman, 1947)

Trilobites—Hystricurug?) sp.; (locality 1 in Neuman,
1947)

The three species of brachiopod reported by Neuman
(1947) are represented by approximately ten valves of each
species. These are loose silicified specimens and are reposited
in the collections of the Paleobiology Department of the U.S.
National Museum of Natural History, Washington, D.C. They
are small and extremely delicate. There is no record of any of
the cephalopods or gastropods being reposited in the collec-
tions. According to Neuman'’s recollections (oral commun.,
1997), some of the identifications of the mollusks were field
identifications, with the specimens not collected. This is the
case with the trilobite as well; apparently this record is based
on one specimen exposed on a pinnacle of limestone, which
was not collected.

Additional brachiopods were freed from the block (97-1)
collected by Southworth (mentioned above in conodont sec-
tion). Several dozen specimens were recovered in the acidizing
process. These also are small and fragile; preservational quality
varies widely. These specimens most likely represent the same
species identified by Cooper for Neuman. More could be ex-
tracted rather routinely from the appropriately silicified
horizon(s).

. . . BIOSTRATIGRAPHY AND CORRELATION
Ficure 3—Paleogeographic reconstruction of North America for Early

Ordovician time, showing relative location of Cades Cove. The macro- and microfossils are consistent in indicating
a lower middle Ibexian (Lower Ordovician) stratigraphic as-
signment for their host rocks. The fossils and rocks are to-

4 scandodontiform els. tally consistent with their deposition on the carbonate conti-
5 Ulrichodina deflexaFurnish nental shelf or ramp in tropical or semi-tropical latitudes on
1 unassigned drepanodontiform element the lapetus (proto-Atlantic) Ocean-facing edge of the
1 Genus & species indeterminate Laurentian (including present North America) paleocontinent
14 indeterminate coniform elements (Figure 3). The best correlation with Knox Group rocks in

Age—Early Ordovician; early middle Ibexiamacerodus €astern — Tennessee, which comprise shallower

dianaeto lower part ofAcodus deltatus-Oneotodus costatug@leoenvironments on this part of the continental shelf, is with
Zone. the uppermost part of the Chepultepec Dolomite, the Kingsport

Formation, to the lower, probably lowermost, part of the Mas-
cot Dolomite in sections west of the Saltville fault (e.g., see
Brachiopods are the most common of the known sheRepetski, 1985). This interval is approximately equivalent to
macrofossils in the Jonesboro Limestone of Cades Cove, talt of the Longview-Kingsport interval of the Knox Group of
lowed by rare mollusks (including gastropods and nautilogider literature. To the northeast of the Great Smoky Moun-
cephalopods) and trilobites. Neuman (1947) collected the otidins National Park, and in the eastern thrust belts of East
known published macrofauna; the identifications were matiennessee, the equivalent interval would be at some level in
by G.A. Cooper of the Smithsonian Institution, Washingtothe Jonesboro Limestone. Systematically collected fossils from
D.C. the Joneshboro are needed for precise correlation. Figure 4
Brachiopods—Diaphelasma pennsylvanicublirich & shows the total possible stratigraphic ranges in the Ordovi-

Cooper; (locality 1 in Neuman, 194Finkelnburgia virginica cian of all of the fossil collections treated in this report.
Ulrich & Cooper; (locality 1 in Neuman, 1947Xenelasma

syntrophioidedJlrich & Cooper; (locality 3 and several other ) )
exposures perhaps of one bed, spottily exposed over about aA-P- Schultz and R.C. Orndorff provided helpful reviews
mile, in Neuman, 1947). of this manuscript, and D.J. Weary, USGS, kindly helped with

Mollusks—cf. Orthocerag(nautiloid cephalopod); (local- the graphics. R.B. Neuman, USGS-Emeritus, discussed and
ity 2 in Neuman, 1947)Hormotomasp. (gastropod); (local- helped locate his early macrofossil collections.

MACROFOSSILS
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THE HAGERMAN HORSE QUARRY: DEATH AND DEPOSITION

DEAN R. RICHMONDAND H. GREGORY MCDONALD
Hagerman Fossil Beds National Monument, P.O. Box 570, Hagerman, ID 83332

AssTrRACT—Previous studies at the Hagerman Horse Quarry, Hagerman Fossil Beds National Monument, Twin Falls County, Idaho
have focused on the remains of the horses and how they contribute towards our understanding of horse evolution and systematics.
The context in which the horse remains have been preserved has not received as much attention. Recent work in the Horse Quarry
by Hagerman Fossil Beds National Monument has been directed towards developing a better understanding the origin and
taphonomy of this important concentration of horse fossils and how this site can aid in better understanding the palédeeology o
earliest species diquus

western portion of the 1997 excavation consists of a large
. . accumulation of poorly sorted (1.95 phi) medium-grained (2.0
THE most diverse Blancan vertebrate assemblage in NOHfyy sandstone, intraformational mudstone rip-up clasts and
America has been collected from the Glenns Ferpynas  The mean grain size for the quarry sandstone is fine
Formation within Hagerman Fossil Beds National Monumera§25 - 125 mm). The sandstone is poorly sorted (mean of 1.47
The Glenns Ferry Formation has also produced the singlgy jithic arenite containing subangular grains larger than 2
largest sample of the earliest speueEqﬂi_us E. S|mpllf:|dens mm in diameter with a few (>5 mm) pebble-sized grains.
(Mac_Fadden, 1992). Although hors_e is _the dominant large Considering the .25 mm grain size and dune bedforms,
species from the quarry (over 200 individuals of all agegye pajeofiow velocity can be bracketed between 60 and 100
camel, mastodon, peccary and antelope have been recoveriefeec  Flow depth was less than half a meter. Measurement
A dlverse_ mlcrove_rtebrate fauna including fish, frog, turtle, thirty trough cross-sets of the fluvial channel exposed
snake, bird, rabbit, gopher, vole and shrew has also begfing excavation of the quarry indicates a south-southwest
found. Invertebrates recovered from the quarry include b‘zmean 2260 azimuth) transport direction (Figure 1). The
gastropods and pel_ecypods. .. majority of bones are aligned transverse to fluid flow,
There has previously only been a cursory examinationQf,horing the sedimentological evidence for a low flow

the causes for this large accumulation of horse remains @Bﬂ)city and a shallow water depth. The channel sediments
previous explanations for the large number of individuals e upward and represent a single waning flood event.

been based on minimal data. Hagerman Fossil Beds National ¢ historical Hagerman Horse Quarry consisted of three
Monument received a grant from Canon U.S.A. to conduct i, rmal quarries: the original main quarry of the
excavation at the quarry to specifically collect data on thgyithsonian also known as the red sandstone quarry, the
depositional environment. = The study —permitted & MQigite sandstone quarry, and the green sandstone quarry. The
complete understanding of this assemblage and its origin.gmithsonian red sandstone quarry, excavated in 1929, 1930
DISCUSSION and 1931 yielded the highest percentage of excavated

The Horse Quarry fossil assemblage was deposited witifnithsonian fossil material. The white and green sandstone
a fine-grained, poorly sorted sandstone bed that quarries were excavated in 1934 by the Smithsonian and were

lithostratigraphically in the lower portion of the Glenns Fergnlarged by later excavations by the Los Angeles County
Formation (Pliocene, Blancan). The quarry is located g/seum and Idaho Museum of Natural History. The location
meters below the unconformable contact with the overlyid§ the 1997 excavation was positioned to connect these
Pleistocene Tuana Gravel. Chronostratigraphically tggparate quarries and determine thelr_ spatial relat_lonsh|ps to
Glenns Ferry Formation at Hagerman Fossil Beds ranges frgfieh Other. The red sandstone quarry is topographically lower
about 3.7 to 3.0 mya. Magnetostratigraphy suggests that iR the other quarries and differences in elevation reflect the
quarry is younger than 3.4 mya and its position above figography of the bottom of the paleochannel. The red
Shoestring Basalt places it younger than 3.2 mya. Duri dstone quarry is interpreted to be a paleochannel that was

excavation of the quarry a siliceous ash directly overlying tiilléd by sediment and bones during deposition of the

quarry sandstone bed was uncovered and is currently béigying braided channel. At present, due to subsequent

dated using Ar-Ar techniques. erdsion, only a small portion of the red sand quarry sediments

The fluvial system in which the fossil accumulation wa@'® €xposed. The white sandstone quarry is well-cemented,
deposited had a high width/depth ratio (F= 56.6) and IdRfraformational rip-up conglomerate at the base of the
sinuosity (P= 1.17) indicating that the channel was a relativ@ijpided channel. The green sandstone quarry consists of the
straight bedload system. Lateral accretion sets resulting frgig"1ying friable trough cross-bedded sandstone portion of the

point bar migration of a meandering fluvial system are ngfaided channel. The entire package of sediments represents
evident in the quarry. A longitudinal bar present in tH fining upward sequence deposited during a waning flood

INTRODUCTION
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event. Bones were recovered from all three sedimentary
packages during the 1997 field season.

CONCLUSIONS

Historical explanations for the large accumulation of
horse bones have ranged from long term accumulation around
a water hole (Gazin, 1936) to a single catastrophic
accumulation during a flood event in a deep river (McDonald,
1996). As aresult of our recent study of the quarry we interpret
the accumulation, consisting of thousands of bones, to have
resulted from a Phase Il drought followed by a seasonal flash
flood. The moderate drought resulted in the mass mortality of
Equussimplicidensand other members of the fauna, including
the microvertebrates in the area of what is now the Hagerman
Horse Quarry. The horses and other animals were attracted to
remnant water holes in low areas of the shallow river bed
where they died of starvation and dehydration. This mass
mortality produced a considerable accumulation of disarticu-
lated horse remains of individuals of all ages ( 2-3 weeks old
to > 20 years) scattered on the dry river bed. The lack of
weathering on most bones indicates only a short interval of
time of exposure prior to a short-lived flash flood that refilled
the river channel and transported, entrained, deposited and
buried the bones. No obvious modification of bones by
scavengers has been observed suggesting that the surplus of
carcasses minimized the need for scavengers to extract
nourishment from the bones. Geologic and taphonomic
characteristics suggest the bones traveled a very short distance
prior to burial. A general inventory of bones indicates all three
Voorhies Groups are present, indicating an autochtonous
fossil concentration.
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Ficure 1—Rose diagrams showing azimuth of trough cross sets and

of long bones oEquus simplicidensrom the Hagerman Horse
Quarry.



CURRENT PALEONTOLOGICAL INVENTORY EFFORTS IN THE
CAVES OF MAMMOTH CAVE NATIONAL PARK, KENTUCKY

RICKARD S. TOOMEY, IIE, MONA L. COLBURN, anD RICK OLSON
1Geology Section, lllinois State Museum, 1011 East Ash Street, Springfield, IL 62702
2Division of Science and Resources Management, Mammoth Cave National Park

Mammoth Cave, KY 42259

AssTrRAcT—Mammoth Cave National Park and the lllinois State Museum are cooperating on a three-year inventory of paleonto-
logical resources in selected park caves. The project focuses on paleontological resources associated with the sediments in th
caves. The overall purpose of the project is to provide the park with information needed to properly manage its paléontologica
resources. The inventory will also provide important information needed to manage non-paleontological resources, because some
of the resources provide information on cave conditions prior to intensive modification associated with tourist activdties. Th
project involves detailed mapping and inventory of a variety of paleontological resources by personnel of the lllinois-State Mu
seum, Mammoth Cave National Park, and the Cave Research Foundation.

* Provide information for reconstructing the past biota, en-

N LATE 1997 the lllinois State Museum (ISM) and the V|ron.mer_1t, and gl|mate of south-central_ Kentucky.

National Park Service entered into a cooperative agreemerit Provide information on the paleontological resources of
to begin an inventory of paleontological resources in caves Park caves to Division of Interpretation and Visitor Ser-
within Mammoth Cave National Park. Field work under this Vices personnel for use in programs.
three-year project has only been in progress for three months, Caves, including those found in Mammoth Cave National
so it is premature to begin discussing the results of the waplark, provide access to two different classes of paleontologi-
This paper will therefore focus on the goals of the project asdl resources: autochthonous and allochthonous resources.
the procedures being used to inventory paleontological remaiigochthonous resources are those remains associated with

INTRODUCTION

within the park. the original rock(s) in which the cave is formed and subse-
The goals of the Mammoth Cave National Park cave pguently exposed for study by the processes of cave formation.
leontological inventory are as follows: Allochthonous resources are those remains that are deposited
¢ Identify paleontological resources within selected cavesthe cave after the cave has formed. This type of resource
in the park. includes the remains (and trace fossils) of plants and animals
* Determine the significance of the paleontological rébat either entered the cave or were deposited in the cave after
sources. death. Allochthonous resources include bones and mummi-

Evaluate the present condition of paleontological rg-e(_j remains of ar_limals that frequented the cave, scat Of those
SoUrces. animals (mcludlng guano, paleofeces, z_ind coprohte_s),
oM he | . f oal logical qii crf'it_c_hes and sFamlng on cave walls and ceilings fr_om animal
ap the location of paleontological resources an. Netivities, footprints, and remains of plants and animals that
them to cave resource databases and Geographic Infifiser washed in, fell in, or were brought into the cave as food
mation Systems currently in use and being developedahs or nesting material by other animals. Although the park’s
the park. caves have significant allochthonous and autochthonous pa-

* Identify and evaluate current and potential factors (nafigontological resources, the current inventory focuses on
ral and management related) that will negatively impagieirallochthonous resources. However, when unusual autoch-
paleontological resources within the park. thonous fossils are encountered, they are noted for later study.

* Recommend actions that will prevent or mitigate the loss The caves of Mammoth Cave National Park are extremely
of paleontological resources or information caused by &gariable in many ways, including extent, entrance and pas-
ther natural or management-related activities. sage types, ecology, and history. Even within a single cave

* Use information from Holocene paleontological resourcéese factors vary if‘ important ways. For example. the cave
to provide information on cave environmental conditiorf§" Which the park is named, Mammoth Cave, is part of the
before modification of the caves caused by historical us@/gest cave system in the world, containing over 350 miles of

* Provide information for predictive modeling of the likelj-PasSSages. Some of the passages are large (tens of feet wide

hood of significant paleontological resources for differqnd high); others are very small with heights and/or widths of

: : less than one foot. Some passages are readily accessible from
ent types of caves or different areas of a single cave. i .
« Provide information on past Use of some park caves E}urrent or past entrances; others are several miles from known
] . P - P ) Mtrances. Some passages have been visited by millions of
the Indiana batMlyotis sodali¥ and gray batNlyotis

; > people in the past 200 years the cave; others have been en-
grisescen both of which are federally endangered.  oreq by only three or four people. Some portions of the cave
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were utilized by Native Americans approximately 2000 yeairspact paleontological resources. Significant paleontologi-
ago and contain prehistoric archeological resources inteal resources have been previously identified in this area of
mingled with paleontological resources. All of these factotise cave (Davies and Chao, 1959; Jegla and Hall, 1962; Rubin
contribute to differences in the paleontological resources lamd Alexander, 1960). Remains from this area provide im-
tween caves or between different areas within the same cpwgant information about the ecosystem of the Historic area
(or cave system). These differences in both the potential 6dtMammoth Cave prior to the last 200 years of human modi-
and the type of paleontological resources are a key reasonfication of the cave. Information on the pre-historic cave eco-
important to inventory these caves in detail. system will help support cave management decisions that are

Previous work clearly indicates that the caves in the pat&signed to mitigate the effects of 200 years of intensive hu-
contain significant paleontological resources. Publishathn modifications. The later phases of the project will focus
records include an important Pleistocene bat guano depositthe past and present bat roosts in park caves and on a vari-
(Davies and Chao, 1959; Jegla and Hall, 1962; Rubin agtg of more remote sites with known or suspected paleonto-
Alexander, 1960), notable deposits of extinct Pleistocelogical resources.
megafauna (Wilson, 1981, 1985), and deposits of bones of The paleontological inventory is being accomplished as
recent bats (Jegla, 1963). In addition to these publisHetlows. First, trained personnel of the ISM, NPS, and CRF
records, files of the Cave Research Foundation (CRF), disatexefully examine an area of cave and mark all potential pale-
sions with CRF personnel, and NPS files at the park all inditological materials with pin flags or flagging tape. Follow-
cate that caves in the park contain significant paleontologigay this flagging, ISM paleontologists revisit each location
materials that have not been adequately located, inventoriut] identify the resources at each flag. The material is re-
and evaluated. The current project is the beginning of amarded on data sheets, and remains are photographed with a
attempt to address this situation. digital camera. The location of each point is recorded in at

In the current inventory, personnel from the ISM anléast one of several ways. Where possible the points are plot-
Mammoth Cave National Park are being assisted by perstat on maps of the cave produced by CRF. If maps have not
nel from the CRF, which has been working with Mammotet been produced, points are recorded on the preliminary sur-
Cave National Park for the past forty years. CRF is activelgy sketch made during the CRF mapping of the cave. Where
engaged in many avenues of research within the caves ofdbevenient the points are also mapped using a total station
park including mapping the Mammoth Cave System; identheodolite. Information from the data sheets is entered into
fying, mapping and inventorying smaller caves in the parkeveral databases, including a location, collection, and photo-
and performing on-going biological, hydrological, geologigraphic database that are compatible with NPS software. Lim-
cal, and archeological investigations of many of the parkted numbers of specimens are being collected as either vouch-
caves. CRF personnel are assisting the paleontologicaldrs for identifications or for age-dating. Management concerns
ventory effort in many ways. Some are participating on crewgt might impact the remains are also noted.
that are locating resources. Others have provided important Because the Mammoth Cave System contains over 350
information on paleontological resources and the potential foiles of passages and because the park contains numerous
resources in remote portions of the Mammoth Cave Systether caves (several over one mile in length), this three-year
and other park caves that ISM and NPS personnel had notpaéontological inventory will only serve as a beginning point
visited. CRF personnel also act as guides and caving advisorgpaleontology at Mammoth Cave National Park. The in-
to assist project personnel in reaching areas with paleontentory will identify threats to paleontological resources, so
logical materials (especially remote areas) and in mappithgt the impact of those threats can be avoided or mitigated,
resources in those areas. In addition, CRF personnel are provide information to assist park personnel in making cave
ducing and providing the base maps and working maps ontanagement decisions, and identify paleontological resources
which the paleontological remains are plotted. In some aré¢faat should receive further study. In addition, it will provide
CRF crews are specifically surveying and mapping areasinformation important in guiding further inventory efforts in
conjunction with the paleontology inventory project. This ithe caves of the park.
especially important in areas where previous maps do not ex-
ist or in areas where eX|sF|ng maps "’?re m?dequate to re;E#?/TEs, W.E.,anDp E.C.T. Giao. 1959. Report on sediments in Mam-
sent the resources. CRF is also working with the park on the moth Cave: U.S. Department of Interior, U.S. Geological Sur-
development of the cave GIS and resource databases. vey Administrative Report. 117pp.

The current cooperative paleontological inventory will bgca, T.C. 1963. A recent deposit byotis lucifugusn Mammoth
accomplished in several phases. The first phase is examining Cave. Journal of Mammalogy 44:121-122.
the portions of the cave between the Historic Entrance ane—, anp J.S. HiL. 1962. A Pleistocene deposit of free-tailed
Violet City Entrance of Mammoth Cave. The paleontological bat in Mammoth Cave, Kentucky. Journal of Mammalogy
inventory of this area is the highest priority portion of the 43:444-481. _ _
inventory for several reasons. This area has been the focu®Y: M-, ane C. Aexanoer. 1960. U.S. Geological Survey radio-
saltpetre mining and tourist activity in the cave during the C3'P0N dates V. Radiocarbon 2:129-185.

. . . > . WiLson, R.C. 1981. Extinct vertebrates from Mammoth Cave. Page

past 200 years; it continues to be the focus of tourist activitie

X ; 3 Rt S 339in Proceedings of the Eighth International Congress of Spe-
today. Cave management associated with tourist activities can
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PERMIAN ROOT TRACES FROM NATURAL BRIDGES
NATIONAL MONUMENT

SHAWN DUFFY
Natural Bridges National Monument, Box 1, Lake Powell, UT 84533

AssTrAacT—Orriginal interpretations of the Cedar Mesa Member of the Cutler Formation in and adjacent to Natural Bridges
National Monument in southeastern Utah concluded it to be a near shore marine deposit (Barrs, 1972, 1989). Other studies
concluded an aeolian origin (Stanesco & Campbell, 1989). The recent discoivesjtofoot traces in the Cedar Mesa Member
provide supporting evidence for the latter interpretation.

INTRODUCTION

THE CepAr Mesa Member of the Cutler Formation in south
eastern Utah dominates the canyons in and adjacent to
Natural Bridges National Monument. Primarily composed of
white sandstone with pink arkosic shale and limestone lenses,
the member displays strong cross bedding suggesting an
aeolian origin. Because of the presence of fragmentary ma-
rine creatures within the sandstone, other interpretations con-
cluded a marine origin (Barrs, 1972, 1989). This latter inter-
pretation does not fully take into account the abundant root
casts and traces found throughout the member. Originally,
the casts and traces were believed to have been transported to
their present position from regional streams, however, the ori-
entation of the roots suggest an insitu origin.

THE ROOTS . . .
Ficure 1—Detail of rootsite. Only the larger roots are of Permian

The roots occur as casts, molds, and traces staining th@ye. The smaller roots appear to be calcification of recent roots.
surrounding host rock. Most roots are an average of 2.5to 5

centimeters thick and roughly 30 centimeters long. Several

roots were discovered to be over 3 meters in length and gt the roots were growing down through the sand before
hibit a branching or radiating pattern which suggest conneghification. Along with the larger roots were masses of
ing either to each other or to a centralized point like a trggajler intertwining roots covering the sandstone surface. It
trunk. The sandstone within the Cedar Mesa Member is iks peen determined thus far that these smaller roots are not

marily white, however, most localities in which the roots 0gpnnected to the larger ones and most likely represent recent
cur display strong pink and brown mottled patterns suggesficification of park flora.

ing a paleosol (Stanesco & Campbell, 1989).

During the spring of 1997, a site was discovered in CONCLUSION
Natural Bridges National Monument in which the root casts Taken as a whole, the random orientation, definite spac-
were over 2 meters in length (Figure 1). The most interesting, and the cutting across of bedding planes along with the
feature about the site was the fact that the roots did not follegsociation of mottled patterns strongly suggest that we are
the bedding planes within the sandstone as in most sites,d®#ling with an insitu origin for the roots. This in turn sup-
rather cut across the bedding planes. This pattern suggests the interpretation that the Cedar Mesa Member of the
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Cutler Formation represents a series of terrestrial dunes cemnesco, J.D. J. A. GueeeLL. 1989. Eolian and Noneolian Facies
taining islands of vegetation similar to today’s coastal sabkhas. of the Lower Permian Cedar Mesa Sandstone Member of the
Cutler Formation, Southeastern Utah, U.S. Geological Survey,
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. 1993. Canyonlands Country: Geology of Canyonlands and
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CONODONTS AND BIOSTRATIGRAPHY OF THE LOWER ORDOVICIAN
ROUBIDOUX FORMATION IN AND NEAR THE OZARK NATIONAL
SCENIC RIVERWAYS, SOUTHEASTERN MISSOURI

JOHN E. REPETSK]| JAMES D. LOCH, ano RAYMOND L. ETHINGTON®
1U.S. Geological Survey, MS 926A National Center, Reston, VA 20192;
2Earth Sciences Department, Central Missouri State University, Warrensburg, MO 64093; and
3Geological Sciences Department, University of Missouri-Columbia, Columbia, MO 65211

AsstracT—Conodonts from exposures in and near the Ozark National Scenic Riverways, southeastern Missouri, clarify the
biostratigraphic setting of the Lower Ordovician Roubidoux Formation. The underlying Gasconade Dolomite ranges from at least
as low as the Rossodus manitouensis Zone in its lower and middle parts to the "Low Diversity Interval” in its upper member.
Conodonts of the "Low Diversity Interval" continue through the lower part of the Roubidoux. Macerodus dianae Zone conodonts
appear approximately one-third to halfway through the Roubidoux and the biozone is represented through most or all of the
remainder of the formation. Faunas characteristic ofAtiedus deltatus - Oneotodus costafige first occur either in the
uppermost part of the Roubidoux or in the lowermost part of the overlying Jefferson City Dolomite.

INTRODUCTION

HE OzARk Plateau region (Figure 1), comprising basically
that part of Missouri south of the Missouri River and the
part of Arkansas north of the Buffalo and White Rivers, con-
tains one of the largest areas of exposed Lower Ordovician, or
Ibexian Series, rocks in the United States. Due to its inboard
location on the trailing margin of Laurentia, in tropical to
subtropical latitudes during that time of deposition, this area
accumulated chiefly shallow-marine carbonate sediments.
Most of this section is now dolostone, much of it primary or
early diagenetic. However, much of it also is coarsely-grained
dolostone, often chert-rich, reflecting one or more periods of
subsequent diagenetic episodes, such as the periods of mas-
sive diagenesis related to subsurface hydrothermal fluids that
moved through the section in the Pennsylvanian and Permian
associated with the Ouachita orogeny (e.g., see Leach and
Rowan, 1986; Leach and others, 1997).
The section also contains many sandstones; nearly all Hpgre 1—Map showing location of Ozark National Scenic Riveryvays _
quartz sands, and most of them probably are multiply-re—and the watershed areas (_)f the (_Zur_rent and Ja_cks Fork Rivers in
southeastern Missouri. Triangle indicates location of Jacks Fork

worked, as the region was hundreds of miles from the low- . ,
crossing section.

Figure 2—Scanning electron microscope (SEM) photomicrographs of some representative conodont elements from the Gascdoaxie, Roubi
and Jefferson City formations in southeastern Missouri. Illustrated specimens are reposited in the type collectiongabitiedgyal
Department, U.S. National Museum (USNM), Washington, D.C. 205668, Juanognathu felicitii (Ji and Barnes); posterolateral
views of two specimens from sample RC-149 at Roubidoux Creek section, X 85, USNM 498496 and @9848panodussp., inner
lateral view of drepanodontiform element, from sample RC-149, Roubidoux Creek section, X 85, USNM 498BE98olaptoconus
quadraplicatus(Branson and Mehl); posterolateral (D) and lateral (E) views of triplicatiform and quadraplicatiform elements, respec-
tively; D, from sample JF-H, Jacks Fork section, X 110, USNM 498B98pm sample JC-J, lower part of Jefferson City Dolomite at
Jim’s Creek section, X 64, USNM 498508, cf. Colaptoconus quadraplicaty8ranson and Mehl); shallowly grooved specimen, from
sample JF-J at Jacks Fork section, X 90, USNM 498&)Ulrichodina deflexaFurnish; posterolateral view of immature(?) specimen
from lower part of Jefferson City Dolomite at Jim's Creek section, sample JC-J, X 110, USNM 488%GRoistodu® sp.; inner lateral
view of scandodontiform element, same sample and location as G, X 110, USNM 498503istiodella donnaeRepetski; posterior
views of blade-like elements (I, K, L) and inner lateral view of coniform element (J), from samples JF-H (K) and JF-Jdt,Jack$
Fork section) andJ -X 90,K -X 170,L -X 110, USNM 498504-507M. Laurentoscandod®sn. sp.; inner posterolateral view of short-
based element, from sample JF-J at Jacks Fork section, X 70, USNM 488B0&8panoistodusp.; inner lateral view of drepanodontiform
element, from sample JF-J at Jacks Fork section, X 90, USNM 49&xQRianognathud n. sp.; posterior view of nearly symmetrical
element, from sample JF-J at Jacks Fork section, X 90, USNM 49851Q, Striatodontu® prolificus Ji and Barnes; posterolateral
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views, P from sample JF-J at Jacks Fork section, X 90; Q from upper part of Gasconade Dolomite (sample RC-02) at Roukidoux Cree
section, X 95, USNM 498511 and 49851R--S Oneotodusaff. O. simplex(Furnish); posterior and lateral views of two specimens from

lower part of upper Gasconade Dol. at Phillips Quarry, Bartlett 7-1/2 minute quadrangle, Shannon Co., MO, X 65, USNM 498513 and
498514. T, Chosonodina herfurthMuller; posterior view of specimen from upper part of middle Gasconade Dol. at Phillips Quarry, X

75, USNM 498515.U, Rossodus manitouengtepetski and Ethington; inner lateral view of coniform element; same sample as T, X 50,
USNM 498516.V, Loxodus bransorfurnish; inner lateral view; specimen broke during preparation; from upper part of middle Gascon-
ade Dol. at a section near Rolla, MO, X 45, USNM 49851 7Acanthodus uncinatusurnish; lateral view of non-serrate suberectiform
element, from same sample as T, X 50, USNM 498XK18ariabiloconus basslei{Furnish); inner lateral view, X 60, same sample as T,
USNM 498519y, Oneotodus simplefFurnish); lateral view, X 75, USNM 49852@, Scolopodus sulcatusurnish; inner lateral view

of scandodontiform element, X 75, same sample as T, USNM 498521.
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lying exposed sources of Precambrian and Cambrian rocksumed sections for conodonts as well as other fossils, to try to
the upper Midwest. Most of these Ozarks sands are thin lengsssablish a refined biostratigraphic framework that can be ap-
stringers, and channels, with only local lateral extent, but sopied to the mapping and other studies in these units and to
horizons or intervals contain apparently laterally-persistemtter correlate the Ozark succession with other regions.
sands that have been used for both subdividing the section The Ibexian section in the south-central Missouri Ozarks
into formations and for local and long-distance correlatioris. up to more than a thousand feet thick. The units are, in
Numerous hills and pinnacles of Precambrian volcanic rockscending order: the Eminence Dolomite, only the upper part
of the St. Francois Mountains complex apparently were emef-which is Ibexian; the Gasconade Dolomite, about 300 feet
gent periodically during the Late Cambrian and Early Ordovhick; the Roubidoux Formation, 100 to 300 feet thick;
cian, and these certainly affected the local sediment distridefferson City Dolomite, 125 to 350 feet thick; and the Cotter/
tion patterns. However, these Ozarks volcanics did not cé&owell formations, about 100 to more than 300 feet thick (Th-
tribute significant volumes of sand to the Ibexian units. Sorampson, 1991). Because of mapping needs, we began our
of the sand intervals have been incorporated into sequehimstratigraphic work with the Roubidoux Formation, includ-
stratigraphic schemes of various scales, but without rigorang its position relative to the underlying Gasconade Dolo-
control of their positions in a stratigraphic framework. Oumite and to the lower part of the overlying Jefferson City Do-
work on conodonts (Figure2) and trilobites in the Ibexian @mite.
the Ozarks is only in its early stages, but we are able to make We located and measured several sections of the
some refinements in the age control in some of the stratigragRaubidoux, including the type section, and concentrated on
marker horizons. sections which contain formational boundaries and other
Very little biostratigraphic control exists for this succegnarker horizons. For this work we collect and process samples
sion of rock, especially considering its areal extent. The depb4- to 6-kilograms from the estimated best lithologies, and
sitional environments for most of the units were probably sonm@ncentrate on bracketing these boundaries and markers. The
what hypersaline and with restricted circulation, and were datge samples have proven necessary, as our productive samples
conducive for development of diverse faunas. In addition, taeerage only a few conodont elements per kg. A fine sieve
pervasive secondary dolomitization wiped out much of tls&ze also is necessary; we use a 200-mesh bottom sieve. In
original shelly record. Most of the macrofauna known fromost samples there are few accessory minerals in the heavy
the Ibexian of the Ozarks is preserved in chert. Presumabdgidues; following magnetic separation, the heavy residue is
local replacement of the carbonate rocks by secondary cladmost exclusively snowy-white diagenetic dolomite rhombs.
took place before pervasive dolomitization had destroyed fhiee color alteration index (CAl) of the conodonts is 1 to 1-1/
invertebrates, as must have happened where chert did not f@&nmndicating only low levels of long-term post-burial heating,
Because much of the record is from chert float blocks, precisehe range of less than 50° to about 90° C. Preservation of
occurrence and stratigraphic range data are seriously lackihg.conodont elements tends to be quite good.
Mollusks are the most abundant and diverse of these macro- As with artifacts and living plants and animals, the fos-
fossils; trilobites are known from relatively few intervals. Mostils of this and all other National Parks can be collected only
of these faunas were described in a very few works, in tivi#h formal permission from the appropriate Park Superin-
1930's to 1950's (e.g., Bridge, 1930; Heller, 1954). This stutlndent.
is part of a cooperative U.S. Geological Survey-National Park
Service project of bedrock mapping in the Ozarks of Missouri. ,
The Ozark National Scenic Riverways is a National Park Previously, Kurtz (1981) showed, from a few samples near
Service unit along the Current and Jacks Fork Rivers (Fig§r@mdenton, MO, some tens of miles north-northwest of our
1). Large tracts in the Ozarks are part of the Mark Twa"?rthy area, that the lower part of the Ga_lsconade Dolomltg is
National Forest. Fort Leonard Wood, a major U.S. Army rd@Wer Ibexian, rather than Upper Cambrian as earlier studies
ervation, is nearby. Associated with these public lands, &l Maps had assumed. Our initial sampling from the middle
the region as a whole, are a variety of land-use issues for w conade near Rolla, MO (Repetski and others, 1993;
accurate geologic maps are vital. This is a world-famous kargPetski and others, in press) yielded species typical of the
region, with vast cave systems, thousands of sinkholes &ffSCdus manitouenstone, including the diagnostic spe-
springs, and all the hydrogeological problems associated witRs Loxodus branson{Figure 2:V) FurnishScolopodus
those regions. This region also is host to the world's largg&{catus(Figure 2:Z), an®. manitouensitself (Figure 2:U).
known lead deposits, hosted mainly in Upper Cambrian csUbsequently we have sampled several additional sections that
bonate rocks. Lead sulfide exploration is continuing, and &XP0se the upper part of the Gasconade.
curate knowledge of the geologic framework is needed, espe- SOMewhat surprising was finding that the uppermost

cially as it pertains to the public lands tracts, for the permigasconade has the fauna of the so-called “Low Diversity In-

ting process. terval” of Ethington and Clark (1981). This interval, charac-
From a few preliminary studies (Kurtz, 1981) conodoni€rized by presence of only a few coniform taxa of rather simple

were known to occur, at least sparsely, in some of the forf2rPhologies, mostly assignable to specie©ototodus,

tions of the Ozarks. We therefore began a systematic exagiidontus, Striatodontusa@ndEucharoduge.g., Figure 2:P-
nation of these dolostones, involving sampling of key me3), follows the abrupt disappearance of most of the taxa of the

GASCONADE DOLOMITE
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lar to, and presumed related @neotodus simplefFigure
2:Y), which occurs in the underlying. manitouensiZone.

The most significant appearance in this interval is that of
Striatodontu® prolificus Ji and Barnes (Figure 2:P,Q), which
continues upward as one of the numerically dominant species
of the Roubidoux Formation.

ROUBIDOUX FORMATION

The Roubidoux Formation is separated from the Gascon-
ade by its higher content of quartz sand, including numerous
sandstone beds especially in the upper half, and generally thin-
ner bedding (see Thompson, 1991, for history of homencla-
ture and usage). The quartz sand content also serves to distin-
guish the Roubidoux from the overlying Jefferson City Dolo-
mite. Partly because of the increased permeability due to the
sandstones and partly due to the thin- to medium-bedded na-
ture of its carbonate beds, the Roubidoux weathers back rap-
idly and the resulting slopes are characterized by loose blocks
of sandstone. Chert float blocks from the middle part of the
formation are common in some areas; sometimes they pre-
serve the molds of gastropods (Figure 3), nautiloid cephalo-
pods, and, rarely, of trilobites. Significant exposed thicknesses
of the Roubidoux are extremely rare, leading to difficulties in
studying the actual succession of rocks and fossils within the
formation, and thereby hindering attempts to

Ficure 3—Top surface of a large chert float block from middle pahiostratigraphically subdivide the unit.
of the Roubidoux Formation, preserving molds of the gastropod The designated type section of the Roubidoux (Heller,
Lecanospira This moldic mode of preservation is typical for|954) is a cut-bank cliff along Roubidoux Creek, Texas County,
mollusks found in the.Roubidoux. Block colIecFed in steep slopgO. It affords reasonably good exposure of the entire forma-
immediately ea;t of Pike Creek; SW 1/4 of section 22, T. 27N"Bon, including both lower and upper contacts. Conodont
?J\/Svééc;\c,)vs:i\llallzizit; %,fmn;g”ﬁ;z”ﬁ%rg?%%Nsh,rl‘ingngir;; O"Sé\g‘%mples fr.om the Roubidoux t.ype section confirm again that
bar is 2 inches long. e LQW DlverS|ty Interval begins well below the base of the

Roubidoux (Figure 4). We can document here that the base of
the next biozone, th&lacerodus diana&one, falls in the
subjacentR. manitouensiZone. This abrupt faunal lower part qf the middle Roybldoux, |nd|cated_ by the appear-
ar&ce ofHistiodella donnadFigure 2I-L) andJlrichodina n.

changeover was documented by Ethington, Engel, and E"'é) . 1 of Repetski (1982). The few samples near the top were

(1987) to occur almost precisely at the Mackenzie Hill - CoQl , . .
X i I not diagnostic of a zonal call near the base of the Jefferson
Creek formation contact in Oklahoma, and similarly at t

) . ! ity.
House - Fillmore formation boundary in Utah. Recently, Ji Figure 4 also shows the distribution of conodonts and some

and Barnes (1993) also d iscussed this same turnover W'ttrr]{llrc])bites that we collected from Heller’s (1954) section at Ava,
the Boat Harbour Formation of the St. George Group of we ouglas Co., approximately 50 miles west of the National Park
ern Newfoundland, Canada. What surprised us is that thj 9 -~ app y )

S. . .
faunal changeover in the Ozarks does not coincide with s section does not expose either base or top of the

e’ . : . X
Gasconade - Roubidoux contact, which is recognized at a roubldoux, but it preserves the interval from the Low Diver-

. S : . sf%? Interval to theM. dianaeZone and it allows some calibra-
gionally significant influx of sand, but it occurs somewhat

lower, at a level near or at the boundary between the chzlr?y of the conodont and trilobite ranges for this region.
middle part and the non-cherty upper part of the Gasconade. JACKS FORK CROSSING SECTION

The rather diverse fauna that is typical for tRe We sampled another section that exposes most of the
manitouensisZone occurs, in low numbers of specimens p&oubidoux and more than 50 feet of the upper Gasconade,
kg of rock, beginning low in the Gasconade (Kurtz, 1981). Where Highway 17 crosses the Jacks Fork River, within the
contains mostly shallow-water Laurentian species such@undary of the Ozark National Scenic Riverways. From the
Loxodus bransoniScolopodus sulcatusnd Variabiloconus  |evel of the river below the bridge to approximately the level
bassleri(Figure 2:V,Z,X). Uncommonly, cosmopolitan speof the highway at the north end of the bridge, the thick-bed-
cies such a€hosonodina herfurthiFigure 2:T) also occur in ded dolomite of the uppermost part of the Gasconade forms a
this part of the Gasconade. cliffy exposure. The Roubidoux drops back in profile because

The uppermost member of the Gasconade contains mogfiweathering of the sandy dolostone beds. The sandstone beds
morphologically “simple” coniform elements of species simi-
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Ficure 4—Conodont and trilobite faunal distribution charts for the Ava and Roubidoux Creek sections.
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tend to stand out and they become more prominent highehave correlated the coeval stratigraphic break at the House-
the section. This section was described in detail by Muilenb&igmore contact in Utah and the McKenzie Hill-Cool Creek
and Beveridge (1954), and their section description is repeate@®klahoma with the base of the Rockdale Run Formation
in Thompson (1991) and Nittany Dolomite in the central Appalachians
Figure 5 shows the conodont distribution for the Jack&oldhammer and others, 1993). Conodonts show that the
Fork crossing section. A little more than 100 feet of tH&onehenge-Rockdale Run and Stonehenge-Nittany contacts
Roubidoux is exposed here; we estimate that about 50 feehidaryland and central Pennsylvania, respectively, occur
covered above. All of the exposed Gasconade is in the “Lauithin theRossodus manitouensisne, and thus are demon-
Diversity Interval.” Histiodella donnag(Figure 2:1-L) and strably older than either the base of the Roubidoux, base of
probably alsaUlrichodina n. sp. 1 of Repetski (1982), ap-+the Fillmore, or base of the Cool Creek. Likewise, the fossils
pearing in the middle Roubidoux marks Macerodus dianae demonstrate that the influx of sand at the base of the Roubidoux
Zone. ltis clear now that the widespread influx of sand maik-younger than the House-Fillmore and McKenzie Hill-Cool
ing the base of the Roubidoux does not coincide with any ri&reek contacts. Biostratigraphy can be a powerful ally to se-
table change in the conodont fauna. However, the thicker anetnce stratigraphers; certainly it should not be ignored.
more prominent sandstone beds that begin in the middle part Ongoing and planned paleontological work in the Ozark
of the Roubidoux do grossly coincide with the base oMhe National Scenic Riverways includes: 1) continued biostrati-
dianaeZone within the current resolution of our faunal corgraphic support for the geologic mapping efforts; 2) refine-
trol. ment of the placement of the individual biozonal bases within
Lithologic and biostratigraphic relations at the boundathe Ibexian formations relative to formation contacts and other
between the Roubidoux and overlying Jefferson City Dolaarker beds or intervals; 3) testing of the lateral continuity,
mite are difficult to assess because that contact is so rarady, the reliability to mapping, of these marker beds; and 4)
exposed. For mapping purposes, that contact is usually draleoumentation of the fossil successions through the other for-
at 25 to 35 feet below the base of the “Quarry Ledge” of theations in this region.
Jefferson City, a 12- to 15-foot thick widespread marker bed

that is more often exposed than the beds beneath it, due to its ) )
characteristic thick to massive bedding. We thank our colleagues of the National Park Service,

The Quarry Ledge also is significant because its top aiig@k National Scenic Riverways, for their continued coop-
immediately overlying beds have produced most of the trilgration and interest in all phases of this project, the numerous
bites known from the lower Jefferson City. We Sammedl@downers who kindly gave us access to their p.ropert|es,.and
short section in the lower part of the Jefferson City DolomifeC: McDowell and D.J. Weary, for helpful reviews of this
near Vichy, MO, about 40 miles north of the National ParRianuscript. Ellis L. Yochelson, USGS-Emeritus, confirmed
that yielded both trilobites and conodonts. This interval nh€ identification oLecanospireon the illustrated chert block,
only yielded a number of trilobite taxa, essentially markirfg'd D-J. Weary, USGS, helped with the graphics.

the Jeffersonian Stage assemblage, but the conodonts allow REFERENCES
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AssTrRACT—This paper updates our work-to-date on the bee and wasp (Hymenoptera: Aculeata) nest ichnofossils first discovered
in Petrified Forest National Park (PEFO), Arizona, in 1993. Recent work includes the collection and the identification of new
localities of bee nests and wasp cocoons (these are not elaborated on here to protect the sites). These hymenoptésan ichnofoss
were compared to other insect traces of nests and cocoons to demonstrate the differences in their architectures. The Triassic
material was also compared to other bee and wasp nest and cocoons ichnofossils to illustrate their similar architecsure. This
important because the ichnofossil evidence suggests that hymenopteran behavior has changed very little over 220 million years
and that they were pollinators of plants in Triassic terrestrial ecosystems.

and in Rainbow Forest of PEFO.
N ) . Bee nests.Hask-shaped, smooth-walled cells approxi-
FTER THE initial discovery of Triassic bee and wasp,ately 20 mm long occur as circular and linear clusters that
(Hymenoptera: Aculeata) nest ichnofossils in Petrifigd, mylti-tiers of cells. Nests in paleosols exhibit at least
Forest National Park (Hasiotis and Dubiel, 1993), additionglee gistinct configurations: (1) linear strings of up to ten
specimens have been collected in the northern and southefifk. (2) radial clusters of up to 100 cells in groups of three or
portions of the Park (Figure 1, 2; Hasiatisal, 1995, 1996; - and (3) tightly constructed clusters of up to twelve cells
Hasiotis, 1997). The new specimens include the first kKnoyiy, shared walls (Figure 3A, 4A). Nests within silicified
Triassic nests of bees in petrified wood and in paleosols fr%@s were constructed in areas below the bark in the heart-
the Monitor Butte and Petrified Forest Members, and preyjioq including areas with knots formed by fallen tree limbs
ously unknown casts of wasp cocoons in immature paleo Rjure 5A-B, 4B). Some of these cells have caps that are
from the lowerpart of the Petrified Forest Member (Figure 1o metimes woven and spiral, like those of extant bee nests,
In order to accurately define the ichnologic characters of fog;4 contain black, spherical balls or pellets about 4 mm in
sil hymenopteran nests, the Triassic fossil material is COf)ameter that appear to contain plant matter, pollen, and other
pared to other bee and wasp ichnofossils from Mesozoic entifiable material. The complex, highly organized clus-
Cenozoic continental deposits in North America (€.9., Browgyg of cells suggests cooperation between numerous construc-
1934; Retallack, 1984; Hasiotis and Demko, 1996; BeWn 5 \yorking together to make a large nest with a repetitive
al,, 1997; Hasiotis unpublished data). This overview updaigsnian. The comparison of Triassic nest architecture and
on-going research on these new ichnofossils and emphasiz&ifients to extant bee nests suggest that Triassic hymenopter-
their s_lgnlflcance to_ paleoecqsystem anaIyS|s_ in continental. probably foraged for gymnosperm and cycadeiod pollen,
deposits. The new ichnofossils serve as proxies for the presins ascomycete and rust spores, and other plant fluids for
ence of bees and_ wasps in the Trlass!c and preserved the iRtefrients and cell provisioning. Modern hymenopteran
actions of these insects with the environment. (Halictidae and Anthophoridae) nests of similar construction
HYMENOPTERAN ICHNOFOSSIL EVIDENCE often reflect some degree of social interaction between the egg
Several types of ichnofossil hymenopteran (Aculeate) neBfgducer (queen) and the workers, in which the offspring of
and cocoons occur as clusters of molds and casts in paled@§idounding female become workers and assist with nest con-
and silicified fossil logs in the Monitor Butte and Petrifie§t'uction and provisioning (Michener, 1974). Triassic hy-
Forest Members of the Upper Triassic Chinle FormatigRenopterans may also have scavenged carrion (flesh and fluid),
(Hasiotiset al, 1995, 1996; Hasiotis, 1997). All are nearl{*S do some r_nodern species of halictid, anthophorid, trigoniid,
identical in size, shape, and micro-morphology to nests 3td Meliponine bees (Michener, 1974). _
extant primitively-social bees and gregarious wasps. These Since modem bees line the cells of their nests with or-
Triassic nests predate the earliest evidence of the aculeJfiC compounds produced from their Dufour’s gland, we ana-
from body fossils by more than 100 million years. Here wzed the ichnofossil nest cells for chemlcal ewdepce that bees
report new evidence of hymenopteran ichnofossils from né\g,.nstructed the nests. Organic chemical analysis .of the wall
localities with members mentioned above in the Painted Ded&i'9s Of the cells in the bee nests (Ketyal, 1997) yielded

INTRODUCTION
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Ficure 2—Composite stratigraphic section of Triassic rocks within
Petrified Forest National Park, Arizona. Arrows denote the strati-
graphic positions of bee and wasp nest ichnofossils. Abbrevia-
tions: (b) bee nests, (w) wasp nests (cocoons).

with insects and other carrion materials in a fashion similar
to modern wasp provisioning (Hasiotis, 1997).

COMPARISON WITH OTHER REPRODUCTIVE INSECT BEHAVIOR

Ficure 1—Study area map with approximate positions of bee and When reproductive structures of xyelid wasps (Symphyta,
wasp nests in Petrified Forest National Park, Arizona. Abbrevigawflies), various beetles (Coleoptera), and moths (Lepi-
tions: (PD) Painted Desert, (TE) Tepees. doptera) (Essig, 1926; Keen, 1939) are compared to the Tri-

assic nest and cocoon ichnofossils, all of these insects are ruled
out as the constructors of the Triassic structures based on the

biochemical evidence of a phylogenetic link to modern be@$rphology of their nests and borings. Although modern
in the Anthophoridae and Colletidae. Gas chromatographfyelid and other symphytid wasp larvae bore into coniferous
mass spectrometry/mass spectrometry techniques relea¥g@d, they construct relatively simple borings, with primitive
straight-chain carbon molecules from the bee nest cell wahgllowed-out structures for pupation, and are relatively dis-
This organic material today is only found in socially variegersed rather than tightly clustered in the heartwood. Like
bees and is produced from the Dufour’s gland (Michendépeir Mesozoic representatives, modern Cupedoidea beetles
1974). The chemical analysis also demonstrates that des{§it-, Scolytidae, Cupedidae, and Platypodidae) construct re-
the silicification of the wood, organic carbon is preserved Rfoductive structures that contain radially-arranged galleries
forms that can be identified to particular organisms. from central tunnels that are poorly-organized in plan and
Wasp nests—Spindle-shaped casts and molds interpreté@Psely-connected as a series of short galleries extending from
to be cocoons about 10-35 mm long are also found in paleo$&Btral galleries. These radiating galleries are subsequently
(Figure 3B). These occur in clusters of four to ten individgxpanded by the growing larvae and become wider as they are
als, each showing a woven, thread-like surficial morphologixcavated away from the central tunnel (Essig, 1926). Co-
The cocoon morphology, nest configuration, and nesting sf@ons of modern moths and butterflies are commonly either
distribution strongly resemble constructions of modern gréery large (>30 mm), or slender (4:1 length to width), or have
garious sphecid wasps (Evans, 1963), which nestin close pi#® form and size of the pupa (Essig, 1926). They do not
imity to one another, construct nests with of four to twengxhibit a delicate weave pattern, but rather show delicate
cells, and whose larvae spin cocoons with a sturdy silken wedbasses of silken strands. However grossly similar, these and
The cells of these Triassic nests were probably provisiorféifier reproductive puparia of sawflies, beetles, and moths are
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Ficure 3—A, Plan view of a portion of a bee nest in an immature paleosol, Monitor Butte Member, TBp@éssp cocoon molds (and
casts-removed in photo) in an immature paleosol, Monitor Butte Member, Tepees.

not as complex, organized, or crafted as are the Triassic NEW COMPARATIVE EVIDENCE OF HYMENOPTERAN
ichnofossils that are clearly more structurally similar to the ICHNOFOSSIL NESTS

constructions of bees and wasps. The morphology of Triassic bee and wasp ichnofossils

compare favorably with hynemopteran ichnofossils collected
from the Upper Jurassic Morrison Formation (Utah), the Lower
Cretaceous Dakota Formation, the Upper Cretaceous Two
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Ficure 4—Triassic life-reconstructions of bee nesA§ & soil and
(B) a conifer,Araucarioxylon arizonicum

preparation). Nearly 200 bee cells and over 1000 wasp co-
coons have been collected from these units. Preliminary mea-
surements of the cells collected from nests in paleosols share
strikingly similar proportions between the cell length and the
widest and narrowest segments of the cell with those propor-
tions found in Triassic bee cells in xylic substrates and
paleosols. Preliminary measurements of well-preserved co-
coons collected from paleosols also share corresponding pro-
portions between cocoon length and width with those propor-
tions found in Triassic cocoons. All the Mesozoic and Ceno-
zoic cells and cocoons preserve at least three size ranges of
both wasp cocoons and bee cells. Two other size ranges are
also being discriminated quantitatively from the deposits men-
tioned above and probably represent puparia of moths (Lepi-
doptera) and beetles (Coleoptera). These moth and beetle in-
sect traces are clearly different from the hymenopteran co-
coons: moth cocoons are typically barrel-shaped, and occur
in paleosols rather than in xylic substrates; beetle traces are
spherical to hemispherical in morphology and also occur in
paleosols. The additional information from the beetle and
moth cocoons further strengths our argument that we can dis-
criminate between hymenopteran and non-hymenopteran
ichnofossils.

SIGNIFICANCE

Late Triassic ichnofossil insect nests record very early,
yet advanced behavioral and morphological characteristics of
the Hymenoptera. These trace fossils shed new light on hy-
potheses regarding the timing of insect diversification and its
co-evolution with plants in terrestrial ecosystems. Insect
ichnofossils better constrain the age of origination of numer-
ous groups because they have a greater preservation potential
than do body fossils, which are typically much rarer. Triassic
ichnofossils of derived hymenopteran insects extend the ages
of these insects by more than 100 million years (Hasébtis
al., 1995, 1996). Hymenopteran ichnofossils reveal more in-
formation about behavior than do body fossils, which can be
used to interpret behavior solely through functional morphol-
ogy. The highly organized nest configurations of Triassic
hymenopteran ichnofossils imply that complex behavior re-
flecting primitive socialization and pollenization, was estab-
lished long before the advent of angiosperms; these organ-
isms were acting as pollinators in the Triassic terrestrial eco-
systems. The pre-established plant foraging and feeding strat-
egies of early Mesozoic hymenopterans constitute a pre-adap-
tation for a later origin of pollination mechanisms in early
angiosperms, thus favoring rapid angiosperm radiation and
diversification. Through time, these and other insects prob-
ably switched plant resources (from gymnosperm-cycadeiod
to angiosperm) as they co-evolved with the rapidly diversify-
ing angiosperms to form the intricate ecological relationships
exhibited by insects and angiosperms today.
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Ficure 5—A, Plan view of a circular portion of a bee nest in a petrified log, Black Forest bed, Petrified Forest Member, Painte8, Desert.
Plan view of a linear portion of a bee nest in a petrified log (continuation of nest above), Black Forest bed, Petrifibtemirmst
Painted Desert.
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A HOLISTIC APPROACH TO RECONSTRUCTING TRIASSIC
PALEOECOSYSTEMS: USING ICHNOFOSSILS AND PALEOSOLS
AS A BASIC FRAMEWORK
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AssTrACT—In situ indicators of inhabitants and indicators of environmental settings used for reconstructing paleoecosystems are
typically not used, and often are secondarily considered compared to the use of plant and vertebrate fossils to characterize
paleoecosystems. Environmental and climatic interpretations are formulated from the gross sedimentology, palynomorph compo-
sition, and faunal and floral taxonomic components. Much of the paleontological evidence used for the reconstructions and
climatic interpretations are often reworked, time-averaged, and out of ecological context.

We propose that paleosols and ichnofossils, in conjunction with the sedimentology and stratigraphy of a unit, be used as a
basic framework from which to build on with other paleontological evidence for reconstructing paleoecosystems. Ichnofossils
preserve in situ organism behavior that record interactions with other organisms and their environment. Paleosols record the
effects of environment, ecologic interactions, and climate. Ichnofossils record the lower portions of the food webné#he infau
components of ecosystems, and the locations and ranges the mobile herbivores and carnivores. When paleosols and ichnofossils
are evaluated together the environmental and climatic trends of paleoecosystems can be reconstructed and detailed by other
sedimentological, paleontological, and geochemical evidence.

and Bown, 1992; Hasiotis, 1997).
Based on our research in the Upper Triassic Chinle For-

) mation in and around Petrified Forest National Park, Arizona,
and vertebrate body fossils that are often reworked are strong proponents for the use of ichnofossils and

interpreted out of ecological context. The plant and Vert&éleosols as a basic framework for reconstructing

brate fossils also represent primary producers and Secon(ﬂ%(%oecosystems. We feel that this framework, when com-

consumers, respectively. Many invertebrates and their eggseq \ith hody fossil evidence, will provide a more detailed,
logic roles as secondary and tertiary consumers and detrl‘\té‘listic, and accurate description of Late Triassic
recyclers go undetected because they are rarely preserv Aecosystems.

body fossils. Trace fossils of invertebrates are frequently pre-
served in many different environments, ocitusitu, and are ICHNOFOSSILS AND PALEOSOL EVIDENCE
not subject to reworking. The recent recognition of inverte- In modern, as well as in ancient, continental settings, the
brate ichnofossils in continental settings and their ecologichs$tribution of vegetation types, biodiversity patterns, and soil
importance provides information about previously unrecordggbes constituting the major terrestrial biomes closely corre-
biodiversity and ecological interactions (Hasiotis and Dubiedponds to latitudinal variation in climatic regimes (Aber and
1993a,b; Hasiotis, 1997). Melillo, 1991). In the Upper Triassic Chinle Formation, trace
Ichnofossils are the result of organism-substrate interdossils and paleosols (serving as proxies for organisms and
tions that record in their structure both morphological arsils, respectively) are preserved in nearly every depositional
behavioral data. Thus, they are valuable sedimentologic amyironment. They are not as subject to dissolution as body
paleontologic interpretational tools for geologists (Hasiotis afaksils, and are rarely reworked by subsequent depositional
Bown, 1992). Ancient and modern animal burrowing amtocesses as body fossils. Thus, these ichnologic and pedogenic
plant-root penetrations also modify substrates in which thisatures provide essential information to fully reconstruct the
occur. The interaction of different suites of organisms with-place, original faunal, floral, and edaphic components of
various types of substrates result in different types and stagate Triassic Chinle ecosystems.
of soil (paleosol) formation. Invertebrate and plant traces are Ichnofossils—Insects and other arthropods constitute the
sensitive indicators of depositional energy, temperature, pneajority of ichnofossil constructors recovered from the Chinle
cipitation, water chemistry (i.e., salinity and alkalinity), oxyFormation. Today, insects and other continental arthropods
genation, substrate consistency, hydrology, biological compenstitute 90% of the biodiversity in the world. Chinle trace
tition, and nutrient availability; all organisms are physiologfossils of millipedes, horseshoe crabs, crayfish, gastropods,
cally constrained by these environmental parameters. Togeth®ilusks, nematodes, aquatic and terrestrial earthworms,
these physical, biological, and chemical components defcaddisflies, flies, moths, beetles (semi-aquatic, terrestrial, and
an ecosystem and provide insight into the paleogeography amibd-boring), termites, soil bugs, bees, and wasps provide
paleoclimate (Jenny, 1941; Aber and Melillo, 1991; Hasiot&vidence for the occurrence and interactions of arthropods in

INTRODUCTION
P\LEOECOSYSTEMRECONSTRUCTIONSB.I’e typically based on plant
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the Triassic paleocommunities (Hasiotis and Bown, 199%¢ climate, paleogeography, paleohydrology, infaunal biota,
Hasiotis and Dubiel, 1993a,b; Hasiotis, 1997). Thesmad vegetation. As in modern soil-forming processes, parent
ichnofossils are important indicators of the arthropods’ ecmaterial, topography, biota, climate, and time constitute the
logic roles as herbivores, carnivores, omnivores, afattors that determine what type of soils develop (Jenny, 1941).
detritivores within primary, secondary, and tertiary levels dfajor types of paleosols present in the Chinle include Gleysols,
the food web. Alfisols, Vertisols, Calcisols, and Aridisols, all of which also
The depth, tiering, and distribution of trace fossils illugange in stages of maturity based on the amount of time in
trate the differences of soil moisture and water table levelsheir formation (e.g., Mackt al, 1993).
different environments (Hasiotis and Bown, 1992; Hasiotis, Gleysols are abundant in the basal Chinle (Shinarump
1997). For example, extant crayfish burrow to the depth lEmber/’'mottled strata”), where they are characterized by
the water table, soil bugs prefer the intermediate vadose zanaensive purple, yellow, and white mottled horizons, contain
and bees and wasps prefer the upper vadose zone (Hasiép crayfish burrows and roots, and indicate deep though
and Bown, 1992; Hasiotis and Dubiel, 1993a, b; Hasiotfctuating water tables. Alfisols are common in floodplain
1997). Shallow and surface traces of terrestrial beetles abommairocks in the lower and middle Chinle (Monitor Butte and
in point-bar, levee, and overbank floodplain deposits with higtetrified Forest Members), consisting of thick red, clay-rich
soil moisture and water table levels. Termite nests dominht@izons, locally exhibiting small carbonate nodules. These
intermediate depths of distal overbank floodplain deposits withils contain red-purple mottles, abundant beetle burrows
low soil moisture and modified by mature soils. Bees afficoyenia and small rhizoliths, and indicate predominantly
wasps nests also occur with termite and beetle traces, but dongiist soils and persistently high water tables. Vertisols (Moni-
nate shallow and intermediate depths of proximal floodplaior Butte and Petrified Forest Members) are characterized by
deposits with moderate soil moisture levels. Shallow to deglpy-rich horizons, deep mudcracks, slickensides, gilgai mi-
crayfish burrows primarily occur in levee and proximal floocero-relief, carbonate nodules, crayfish burrows and extensive
plain deposits that are imperfectly drained with highly fluctuhizoliths, and are indicative of periods of wetting and dry-
ating water tables. Surface and very shallow horseshoe drap Calcisols (Owl Rock and Church Rock Members) with
crawling trails are found mainly on the wet, firm substratemrbonate accumulations in their upper portions, contain
(bedding planes) of point-bar and levee deposits and feedihizotubules and rhizocretions, and occur predominantly in
traces are just below the surface. Flow regime, turbidity, asittstone deposits. Aridisols (Church Rock Member) contain
substrate consistency controlled the distribution of snail, gasrying stages of carbonate nodule development, few rhizoliths,
tropod, oligochaete, and nematode burrows and trails in leare bioturbation, and indicate decreased precipitation coupled
tic and lotic water bodies. The occurrence and distributionwith persistently deeper water tables.
these and other organism-substrate interactions were controlled
by 1) the depth and fluctuation of the water table, 2) soil mois- ) ) ) ) ) )
ture levels, 3) depositional energy, 4) substrate texture and 1h€ integration of ichnologic, sedimentologic, and
consistency, and 5) food web interactions. paleoped_ologlc information allows.for a more comple‘ge re-
Vertebrate ichnofossils, including tracks and trails of sm&Pnstruction of paleoecosystems, including interpretation of
aquatic reptiles, metaposaurs, phytosaurs, and dicynodoift§i" hydrologic and climatic settings. The sequences of sedi-
complement the invertebrate trace fossils. Metaposaur éﬂantary .faC|es,_ pa!eosol_s, and associated ichnofossils provide
phytosaur tracks dominate channel and point-bar deposlﬂlg_rarc_hlcal cnteng to interpret Ion_g—term a_nd short-term
Dicynodont tracks occur in levee deposits. Small reptile tradk&NdS in the evolution and succession of Chinle ecosystems
are found in point-bar and levee deposits. These tracks d&Rf climates. Thgse criteria also comprise the mter.nal frame-
onstrate exactly where these organisms spent their time in'fgk that plant, invertebrate, and vertebrate fossils can be
environment and the activities in which they may have beBlgced in to reconstruct various paleocommunities with dis-
involved (herbivory, carnivory, breeding, feeding, etc.}',nCt biological, environmental, and climatic attributes.

whereas body fossils mainly demonstrate where they died or Based on all the physical, biological, and chemical evi-
were carried away and accumulated after death. dence collected to date, the Petrified Forest monsoonal (wet-

Further ecologic information is obtained from rootinéer periods with higher humidity) climate became increasingly

patterns and rhizomes of plants preserved in immaturedff during the Late Triassic (Carnian to Norian). During the
mature paleosols (discussed below). The depth and config§ROsition of the Shinarump and Monitor Butte Members, the
ration of roots and rhizomes reflect the amount of soil mofe&!Y Chinle (Carnian) climate was warm and humid with
ture and depth of the water table in a particular setting. TH@P!€ rainfall. During deposition of the Petrified Forest and
size of the roots also reflect the stratification of vegetatiéhV! Rock Members (Norian), climate became strongly mon-
above the soil surface: canopy trees have large root systetf@nal with strongly seasonal rainfall and high temperatures.
ground-cover plants have shallow and fine roots, interme&ilimate during the deposition of the latest Chinle, represented

ate plant cover has root dimensions intermediate between@#dhe Church Rock Member (latest Norian), became increas-
other plants. ingly arid with less precipitation and greater temperature ex-

Paleosols—Variations in Chinle alluvial, lacustrine, and"€mes due to lower humidity.
eolian paleosols reflect lateral and temporal changes in Trias-

SIGNIFICANCE
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STRATIGRAPHIC DISTRIBUTION AND AGE OF PETRIFIED WOOD IN
PETRIFIED FOREST NATIONAL PARK, ARIZONA
ANDREW B. HECKERTAND SPENCER G. LUCAS

Department of Earth and Planetary Sciences, University of New Mexico, Albuquerque, NM 87131
New Mexico Museum of Natural History and Science, 1801 Mountain Road NW, Albuquerque, NM 87104

AssTRACT—We present detailed stratigraphic and sedimentologic evidence that supports the conclusion that two stratigraphic
units in the Upper Triassic Chinle Group contain almost all of the petrified wood in the Petrified Forest National Pad Althou
incidental deposits of petrified wood occur throughout the stratigraphic section, the Sonsela Member of the Petrified Forest
Formation hosts almost all of the brightly colored, large trunks and logs for which the park is known. The Black ForakeBed in
Painted Desert Member of the Petrified Forest Formation contains another large deposit of petrified logs. Incidental petrified
wood deposits occur primarily in sandstone beds within the Painted Desert Member, although some are also known in the Blue
Mesa Member. Available biochronological evidence, including tetrapods, megafossil plants, pollen, and calcareous microfossils,

indicates that both the Sonsela Member and the Black Forest Bed are of early- to mid-Norian (220-215 Ma) age.

INTRODUCTION

LL THE petrified wood in the Petrified Forest National

Park (PEFO) occurs in deposits of the nonmarine Upp
Triassic Chinle Group. Geologic investigations of the Chinl
in PEFO include Gregory (1917), Cooley (1957), Roadife
(1966), Stewart et al. (1972), Billingsley (1985a,b), As
(1987a), Murry (1990), Ash (1992), and Lucas (1993, 199¢
These studies, combined with our own, have resulted in
extensive database of detailed measured sections througt
PEFO and vicinity (Figure 1). In PEFO, the following previ
ously named Chinle Group units are exposed (ascending
der): the Bluewater Creek Formation, the Blue Mesa, Sonse
and Painted Desert Members of the Petrified Forest Forn
tion, and the Owl Rock Formation (Figure 2). The bulk of th
petrified wood in PEFO, including the spectacular deposi
(“forests”) of large, highly colorful, trunks, occurs in the
Sonsela Member of the Petrified Forest Formation. The gre
black logs of the Black Forest occur in the Black Forest Bed
the Painted Desert Member. Isolated logs also occur in ben
forming sandstones of the Painted Desert Member, and in
posits of the Blue Mesa Member.

Published studies on the systematics and stratigrap
occurrence of petrified wood in PEFO include Blake (185¢
Goeppert (1858), Knowlton (1889), Jeffrey (1910), Daugher
(1934, 1941), and Gould (1971). Almost all of the petrifie
wood in PEFO was transported prior to deposition, as e
denced by a lack of limbs, bark, or roots preserved with mc
specimens. A fewn situstumps have been recorded, predom
nantly in the Blue Mesa Member or in the Black Forest Be
(Ash and Creber, 1992). In general, the spectacularly colot
logs in the Sonsela Member are typically referred to the ger
Araucarioxylon and most are probably representatives of tt
speciesA. arizonicum(Daugherty, 1941)The Black Forest

logs, so named because of their dark gray to black color, afgore 1—Map of the Petrified Forest National Park. Arrows show
include A. arizonicumand most of the area’s specimens of locations of measured sections used in Figure 3. Rose diagrams
show paleocurrent measurements from logs in the Sonsela Mem-

Woodworthiaand Schilderia(Ash, 1992).
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the petrified wood in PEFO is concentrated in a few horizons.

Historically, most workers have agreed that the bulk ofber outside park boundaries, indicating a predominantly south-
west-northeast channel trend of Sonsela Member sediments.
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Linkt erh:% Perfied \Wood  dige thought that only two principal horizons were present, namely
b e ook Peamaber - the Sonsela Member and the Black Forest Bed. Here we present
alaiaia stratigraphic and paleocurrent information that supports the
I el % Baack Forn conclusions of Roadifer (1966) and Deacon (1990) and dem-
= Fuiied = e . . .
b 1_-—-—--_-_,_—'-,}_ LigjiL onstrates that most petrified wood deposits in PEFO are in
E E e :1;—_"':1—:;55:_ . hare. either the Sonsela Member or the Black Forest Bed (Figure
i e Isnlalnd wood
o E T m— = : _l = R aoathian 2) FPRn H
- Cee . T I Sonsela Member forestsThe vast majority of the fossil
= 3 - m“ wood in PEFO occurs in trough crossbedded sandstones and
= E- arau conglomerates of the Sonsela Member of the Petrified Forest
. i Formation. Almost all of the famous localities in the southern

- fau semsew portion of the park, including the spectacular “forests” of trunks
preserved in Giant Logs, Rainbow Forest, Long Logs, Crystal
RN Forest, Jasper Forest, Agate Bridge, and Blue Mesa, are in the
«—— Tdemes  Sonsela Member, as are several “forests” on adjacent private
and state lands. The Sonsela Member typically consists of gray,
[(F5FE cospormens [5Y]  meuos e cramibed grayish brown, and grayish green sandstones and conglomer-
T _ _ Je———— ates. Conglpmerate clasts iqclude pebble- to cpbble-sized chert
o mene S and quartzite clasts and rip-ups of underlying Blue Mesa
Heonad ol Member mudstones, some of which approach boulder size.
Ficure 2—Schematic stratigraphic section showing the Chinle Grolipgacon (1990) thoroughly investigated the sedimentology of
stratigraphy of the Petrified Forest National Park and the strdfi® Sonsela Member and concluded that it represented a low
graphic distribution of major petrified wood accumulations in thginuosity fluvial system consisting of northerly to northeast-
park. erly draining braided channels. Lucas (1993) demonstrated
that the Sonsela disconformably overlies an erosional surface
) ) - on the Blue Mesa Member that represents his Tr-4
Some, including Cooley (1957, 1959), Billingsley (1985a,b)nconformity, and Heckert and Lucas (1996) examined the
and Ash (1987a, 1992), argued that three highly fossiliferogstails of this relationship in PEFO and vicinity.
horizons were present, the informal “Rainbow Sandstone,” | the past, numerous workers, including Cooley (1957,
Sonsela Member, and the Black Forest Bed. Others, includﬁ_rggig), Billingsley (1985a,b), and Ash (1987a), have referred
Roadifer (1966) and Deacon (1990) considered the “Rainbgyvan informal unit called the “Rainbow Sandstone” and con-
Sandstone” and the Sonsela Member homotaxial, and tQfered it the sandstone unit that contained the “forests” at
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Ficure 3—Correlated measured sections showing the stratigraphic distribution of the major “forests” of petrified wood in the southern

portion of the park. Location of measured sections given in Figure 1. Sections credited to original author as approjmnsteosect
credited are our own.



HECKERT AND LUCAS—PEFO, WOOD STRATIGRAPHY 127

Giant Logs, Rainbow Forest, and Long Logs. However, vage not themselves age diagnostic, as is well demonstrated by
agree with Roadifer (1966) and Deacon (1990) that this intére universal occurrence Afaucarioxylonin petrified wood
val actually represents the same stratigraphic interval as dieposits throughout the park. Extensive work on tetrapod ver-
Sonsela Member. Recently, one of us (ABH) conducted extégbrates (summarized in Hunt and Lucas, 1995), megafossil
sive stratigraphic work on the private lands adjoining PER®@ants (Ash, 1980, 1987b), pollen (Litwin et al., 1991), and
and determined that all the trough-crossbedded, wood-beatcareous microfossils (Lucas and Kietzke, 1995) indicates
ing, extrabasinal conglomerate and conglomeratic sandsttimet both the Sonsela and the Painted Desert Members are
is at a single horizon (Figure 3). Paleocurrent data, both early-mid Norian in age. Lucas (1997) summarized this bios-
own and those of Deacon (1990) corroborate this stratigraptiigtigraphic evidence and noted that the available
hypothesis, and show an overall channel trend toward apprdséchronologic evidence indicated that the absolute age for
mately N30E. This channel can be traced from the extrethese strata probably ranges between 215 and 220 Ma.
southwestern portion of the park into the subsurface, re-emerg- Two numerical ages have been reported from PEFO, both
ing at the Crystal Forest, where it is readily traced to Jasfrem the Black Forest Bed. Ash (1992) suggested that a K-Ar
Forest, Agate Bridge, and Blue Mesa (Figure 1age on a biotite of 23919 Ma is the age of a Middle Triassic
Araucarioxylonis by far the most common genus of tree preuff that was subsequently reworked during Late Triassic time
served in these forests (Ash and Creber, 1992). to form the Black Forest bed. Riggs et al. (1994a) reported a
Painted Desert MemberThe Painted Desert MemberU-PB age on zircons from the Black Forest Bed of 207+2 Ma
contains much less petrified wood than the underlying Sonsatal suggested that this is the syndepositional age of the unit.
Member. Scattered petrified wood occurs in the bench-forRiggs et al. (1994b) went further to conclude that the Black
ing sandstones in the Painted Desert, usually referred td-asest Bed represents the fluvial deposition of a Plinian ash
“Flattops Sandstones” in the southern portion of the park afadl that disrupted stream flow, causing avulsion and crevasse
as “Painted Desert Sandstones” in the northern portion (esplay formation.
Billingsley, 1985a,b). Most logs are found in Jim Camp Wash, This sedimentological interpretation seems unlikely be-
and are typically less colorful and smaller than those in tbause: (1) the tuff of the Black Forest Bed is extremely local-
Sonsela Member. None of the major forests in PEFO are caned and only known from one location outside of PEFO (Ash,
posed of this wood, and most of these deposits appear to €82), which would not be the case in a Plinian ash fall; and
resent more typical, isolated wood deposition in fluvial sy&2) geometry and sedimentary structures of the Black Forest
tems. Because of its scattered and fragmentary nature, Bed differ little from those of other Painted Desert Member
wood is not well-studied, buaraucarioxylondominates the channel deposits, which suggests an ash fall was not needed
identifiable specimens (Daugherty, 1941; Ash and Crebtw, produce this type of facies architecture. Furthermore, an
1992). age of 207 Ma for the early Norian Black Forest Bed seems
Black Forest Bed—Ash (1992) named the Black Forestinlikely, unless all previous calibration of the Late Triassic
Bed for the extensive deposits of limestone-pebble conglotitrescale is incorrect (Lucas, 1994, 1997). Therefore, neither
erate and reworked tuff in the Painted Desert Member in thfethe published numerical ages of the Black Forest Bed is a
northern portion of the park. These deposits occur approsgliable syndepositional age, and abundant biostratigraphic
mately 60-65 m above the top of the Sonsela and range froevillence constrains deposition of both the Sonsela Member
to 12.6 m in thickness in the park (Ash, 1992; Lucas, 19938nhd the Black Forest Bed to the early- to mid-Norian.
Ash (1992) described the Black Forest Bed as a basal, well-
. . CONCLUSIONS
indurated calcrete pebble conglomerate overlain by reworked, .
andesitic tuff with thin interbeds of mudstone and siltstone. TWO horizons, the Sonsela Member and the Black Forest

The petrified logs here are gray-black and most abundanBfd: contain the vast majority of the petrified wood in PEFO.

the Black Forest itself, roughly 2.5 km (1.5 miles) north of th%onsela Member deposits are the oldest widespread deposits

Painted Desert overlooks, although numerous logs derived frishi€ Park and include the spectacular logs associated with
the Black Forest Bed can be found as float on the slopes bef3{@nt L0gs, Rainbow Forest, Long Logs, Crystal Forest, Jas-
those overlooks. The Black Forest Bed wood, like the Sons&& Forest, Agate Bridge, and Blue Mesa in the southern por-
includes abundant specimensAofucarioxylon but also in- tion of the park. The mos_t extensive deposits in jthe Painted
cludes rareMoodworthiaand Schilderia(Ash, 1992). Most Desert Member are those in the Black Forest Bed in the north-

of the wood is concentrated in the upper, tuffaceous portior€5 Portion of the park, although scattered petrified wood also
>curs in other sandstone beds within the Painted Desert Mem-

the unit, which is the highest stratigraphic occurrence of p@F ; ) X X . .
rified wood within the park. ber. Available stratigraphic and sedimentologic evidence sug-
Biostratigraphy, biochronology, and numerical ages gests that deposits termed the “Rainbow Sandstone” by some

The superposition of the petrified forests clearly demonstraféhors are actually basal Sonsela Member deposits. These
that the oldest extensive wood deposits are those in the Sorfd§i4he oldest major deposits of petrified wood in PEFO, and
Member, with scattered wood deposition occurring in the vaft® €arly Norian in age. The Black Forest Bed is also well-
ous Painted Desert Member sandstone beds until another ffgstrained biochronologically to the early-mid Norian, in spite
jor depositional event resulted in the preservation of the focdjiSOtopic data that suggest other ages.

logs in the Black Forest Bed. Unfortunately, the petrified logs
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GoeprPert H. R. 1858. Uber die von Mollhausen mitgebrachten
Fragments des Holzes aus dem versteinerten Walde, ip. 42
The Petrified Forest Museum Association generously sup- H.B. Mollhausen, Tagebuch einer Reise vom Mississippi, nach

ported this research. Additional support was provided by the Kusten der Sudsee. Leipzieg. (also p. 31 of vol. 2 of the English

New Mexico Museum of Natural History. Numerous person- translation of Mollhausen’s book).

nel have facilitated field work involved with this project, inSouLp, R. E. 1971. Lyssoxylon grigsbyia cycad trunk from the

cluding P. Bircheff, C. Davis, P. Huber, A. Hunt, K. Kietzke, Ufpger Tr'af;;";g;';zgona and New Mexico. American Journal

. . of Botany, 58: - .

P. Reser .and park employees L. BOIICh,. D. Humphries, a(glgEGORY, H. E. 1917. Geology of the Navajo Country—a reconnais-

M. Schmitt. Persqnnel Of PEFO, e;peually Qa” Bowman} sance of parts of Arizona, New Mexico, and Utah. U.S. Geo-

Mark DePoy, David Dewitt, Pat Quinn, and Vince Santucci logical Survey Professional Paper, 93, 161 p.

facilitated logistics of our study. We are also indebted to th@ckerr, A. B.,anp S. G. lucas. 1996. Stratigraphic description of
New Mexico and Arizona Land Company, especially J.D. the Tr-4 unconformity, west-central New Mexico and eastern
Sphar, for allowing access to lands adjacent to the park and Arizona. New Mexico Geology, 18:61-70.
allowing us to publish data collected there. Hunt, A. P.anD S. G. lucas. 1992. The first occurrence of the
aetosautParatypothorax andresgReptilia:Aetosauria) in the
western United States and its biochronological significance.
AsH, S.R. 1980. Upper Triassic floral zones of North America, p.  Paldontologische Zgitschrift 66:147-157.
153-170in D.L. Dilcher and T.N. Taylor, (eds.), Biostratigra- , AND . 1995, Two Late Triassic vertebrate faunas at
phy of fossil plants. Stroudsburgh, Dowden, Hutchison and Ross.  Petrified Forest National Park, p. 89483V. L. Santucci and L.
. 1987a. Petrified Forest National Park, Arizona. Geologi- McClelland (eds.), National Park Service paleontological re-
cal Society of America Centennial Field Guide, Rocky Moun-  search. Denver, National Park Service (Technical Report NPS/
tain Section, p. 405-410. NRPO/NRTR-95/16).
. 1987b. The Upper Triassic red bed flora of the Coloraderrrey, E. C. 1910. A new araucarian genus from the Triassic.
Plateau, western United States. Journal of the Arizona-Nevada Boston Society of Natural History Proceedings, 34:325-332.
Academy of Science, v. 22: 95-105. KnowtTon, F. H. 1889. New species of fossil woddducarioxylon
. 1992. The Black Forest Bed, a distinctive unit in the Up-  arizonicun) from Arizona and New Mexico. United States Na-
per Triassic Chinle Formation, northeastern Arizona. Journal tional Museum Proceedings, 11:1-4.
of the Arizona-Nevada Academy of Science, 24-25:59-73.  Kraus, M. J.anp L. T. MippLETon. 1987. Dissected paleotopography
, and G.T. @eser 1992. Palaeoclimatic interpretation of  and base-level changes in a Triassic fluvial sequence. Geology,
the wood structures of the trees in the Chinle Formation (Upper 15:18-21.
Triassic), Petrified Forest National Park, Arizona, USA.irwin, R. J., A. RaveErsg AND S. R. AsH. 1991. Preliminary pa-
Palaeogeography, Palaeoclimatology, Palaeoecology, 96:299-317. |ynological zonation of the Chinle Formation, southwestern
BiLuingsLey, G.H. 1985a. General stratigraphy of the Petrified For- U.S.A., and its correlation to the Newark Supergroup (eastern
est National Park, Arizona. Museum of Northern Arizona Bul-  U.S.A.). Review of Palaeobotany and Palynology, 68:269-287.
letin, 54:3-8. Lucas, S. G. 1993. The Chinle Group: revised stratigraphy and
1985b. Geologic map of Petrified Forest National Park, biochronology of Upper Triassic nonmarine strata in the west-
Arizona. Report to Petrified Forest Museum Association, un-  ern United States. Museum of Northern Arizona Bulletin, 59:27-
published. 50.
BLake, W.P. 1856. General report on the geologic collectims. . 1994. Recently published numerical ages from the nonma-
A.W. Whipple, T. Ewbank, W.W. Turner, W.P. Blake and J.  rine Upper Triassic. Albertiana, 14:66-69.
Marcou (Eds.), Report of explorations for a railway route, near . 1995. Revised Upper Triassic stratigraphy, Petrified For-
the thirty-fifth parallel of latitude, from the Mississippi River est National Park, p. 102-1G8 V. L. Santucci and L.
to the Pacific Ocean. Reports of explorations and surveys to McClelland (eds.), National Park Service paleontological re-
ascertain the most practicable and economical route for a rail- search. Denver, National Park Service (Technical Report NPS/
road from the Mississippi River to the Pacific Ocean made un- NRPO/NRTR-95/16.
der the direction of the Secretary of War in 1853-1854. US—_  1997. The Upper Triassic Chinle Group, western United
33rd Congress, 2nd Session, Executive Document 78, 3, 136 p. States, a nonmarine standard for Late Triassic time, p. 209-228
Cootey, M.E. 1957. Geology of the Chinle Formation in the upper in J.M. Dickins, Z. Yang, H. Yin, S.G. Lucas, and S.K. Acharrya,
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THE OLDEST TRIASSIC STRATA EXPOSED IN THE PETRIFIED FOREST
NATIONAL PARK, ARIZONA

ANDREW B. HECKERT AND SPENCER G. LUCAS
Department of Earth and Planetary Sciences, University of New Mexico, Albuguerque, NM 87131
2New Mexico Museum of Natural History and Science, 1801 Mountain Road NW, Albuquerque, NM 87104

AsstracT—AIl Triassic rocks in the Petrified Forest National Park pertain to the Upper Triassic Chinle Group. We identify
localized, topographically low exposures of siliciclastic redbeds and purple mudstones near Newspaper Rock as the Bluewater
Creek Formation, the oldest unit exposed in the park. Mudstone and sandstone of the Blue Mesa Member of the Petrified Forest
Formation are the oldest widely exposed strata in the park, and are overlain disconformably by sandstone and conglamerate of th
Sonsela Member. The Sonsela Member is overlain conformably by mudstone and sandstone of the Painted Desert Member. In the
extreme northern portion of the park, pedogenic limestones of the Owl Rock Formation conformably overlie the Painted Desert
Member. Surface and subsurface stratigraphic evidence indicates that the Bluewater Creek Formation is the oldest unit exposed i
the park—not the mottled strata, Shinarump Formation, or Moenkopi Formation, as claimed by some recent workers. Lithologic
and tetrapod biostratigraphic evidence indicates that Chinle strata encompass a single major unconformity at the base of the
Sonsela Member, with strata below the Sonsela bearing tetrapod fossils of Adamanian (latest Carnian) age and the Sonsela and
overlying units containing Revueltian (Norian) tetrapod fossils.

the top of the Bluewater Creek Formation and thus are of lat-

INTRODUCTION . .
) ) est Carnian (Adamanian) age.
QINLE Group deposits dominate the outcrops of the Petri
ied Forest National Park (PEFO), and the park contains SURFACE STRATIGRAPHY

several type sections of Chinle Group units. Geologic investi- The Petrified Forest National Park is well-known for its
gations of PEFO include Gregory (1917), Cooley (1957@xtensive badlands, which afford numerous opportunities to
Roadifer (1966), Stewart et al. (1972), Billingsley (1985a,liheasure detailed stratigraphic sections. In the course of vari-
Ash (1987a), Murry (1990), and Lucas (1993, 1995). In PEFQUs studies, we have developed an extensive database of more
the following previously named Chinle Group units are ef¥han fifty measured sections. Of these, several are pertinent to
posed (ascending order): the Bluewater Creek Formation, tiigcussion here. In particular, we have measured detailed sec-
Blue Mesa, Sonsela, and Painted Desert Members of the Rehs near Newspaper Rock, from the Haystacks to Blue Mesa,
rified Forest Formation, and the Owl Rock Formation. Reand in the vicinity of the Rainbow Forest Museum.

cently, some workers (Dubiel et al., 1995; Hasiotis and Dubiel, The Blue Mesa Member has long been thought to be the
1995) have proposed that the oldest outcrops in PEFO persmtigraphically lowest unit exposed in the park (Roadifer,
to the Moenkopi Formation, although descriptions in the4866; Billingsley, 1985a,b; Ash, 1987; Lucas, 1993). How-
works indicate that they actually mean “mottled strata,” a nareer, we follow Cooley (1957) in identifying the Bluewater
given to pedogenically reworked strata at the base of the Chi@leek Formation (“lower red member” of Cooley) as the low-
Group by Stewart et al. (1972). This hypothesis is at odelst unit exposed in the park, based on our Newspaper Rock
with the available stratigraphic and paleontologic data. Hesection and the type Blue Mesa Member section of Lucas (1993,
we use detailed surface stratigraphy, subsurface lithologic 1995) (Figure 1). This effectively constrains the oldest beds in
formation, and tetrapod biostratigraphy to demonstrate tlia¢ park to a latest Carnian age (Lucas, 1993).

the oldest strata in PEFO are no lower stratigraphically than Unit 3 of the Newspaper Rock section (Figure 1) is a bed
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HECKERT AND LUCAS—PEFO, TRIASSIC STRATA 131

of tuffaceous, highly micaceous sandstone 4.6 m thick (equiadly limy to siliceous and form distinct porcellanite beds such
lent to unit 2 of Lucas [1993] type Blue Mesa Member typas those at Fort Wingate and Bluewater, New Mexico (Stewart
section) at the base of the Blue Mesa Member. This arendt/l., 1972; Lucas and Hayden, 1989; Heckert and Lucas,
wacke interval is lithologically similar to the basal Blue Mesi996). Many outcrops of the mottled strata clearly represent
Member in the vicinity of Fort Wingate, New Mexico, wherg@edogenically modified conglomerates, with numerous pebble
approximately 5 m of ashy sandstone lie conformably on bemd cobbles of quartzite and chert and occasional relict trough
tonitic mudstone “red beds” of the Bluewater Creek Formerossbedding. We have not observed these lithologies anywhere
tion (Lucas and Hayden, 1989; Heckert and Lucas, 1996; Lugathe park. Rather, in the vicinity of the Teepees, and indeed,
et al., 1997; Anderson et al., 1997). In both cases, this sathdeughout exposures of the Blue Mesa Member in the south-
stone is muddy and/or ashy, micaceous, and poorly sorteih portion of the park, bentonitic mudstones locally display a
Near Fort Wingate, the basal Blue Mesa sandstones displagiety of reduction spots, color-mottling and vertical colora-
more bedforms, particularly very low-angle trough crossbetisn changes long interpreted as representing paleosol devel-
(see Chapter 4), but the bed in PEFO is similar to this in thygment on floodplains associated with fluvial systems in the
vicinity of the Teepees, where it is approximately 12.9 m bBlue Mesa Member (Cooley, 1959; Kraus and Middleton,
low the Newspaper Rock Bed. 1987). However, this alteration is limited to fine-grained sedi-
Based on overall lithologic similarity to basal Blue Mesments of the Blue Mesa Member. Thus, we do see some paleosol
Member outcrops elsewhere, we interpret this bed as the bdseclopment in the Blue Mesa Member, but no evidence of
of the Blue Mesa Member in PEFO. This lithology is unlikéhe extensive bioturbation, color mottling, and silicification
any found in units that underlie the Blue Mesa anywhere etdwracteristic of the “mottled strata” and the presence of tuf-
in eastern Arizona or western New Mexico (Heckert, 1997aceous sandstones and bentonitic mudstones throughout PEFO
The pale purple and grayish red purple bentonitic mudstomesnonstrates that all of the strata contain abundant volcanic
below it belong to a different stratigraphic unit, either the Mesatritus, which is absent in the “mottled strata” (Stewart et
Redondo Formation (Cooley, 1958, 1959) or the Bluewatdr, 1972; Lucas and Hayden, 1989; Hasiotis and Dubiel, 1993)
Creek Formation (Lucas and Hayden, 1989). Lithologicallgnd uncommon in the upper Moenkopi Formation (McKee,
the red (grayish red purple and grayish red) mudstones beli®%4; Lucas and Hayden, 1989).
this sandstone suggest that the Blue Mesa Member is under- A cursory look at any large-scale geologic map of the re-
lain here by the Bluewater Creek Formation, as the Meagian surrounding PEFO (e.g.,Wilson et al. 1960) indicates
Redondo Formation is generally much sandier (Cooley, 1988at the Moenkopi-Chinle contact must lie between PEFO and
Stewart et al., 1972). Preliminary clay mineral analysis indhe town of Holbrook approximately 20 miles (32 km) to the
cates that these strata also closely resemble the slightly bewtest. Therefore, we investigated this issue by examining out-
nitic (proportionately less mixed layer smectite/illite) muderops of the Chinle Group west of the southern entrance of the
stones typical of the Bluewater Creek Formation and are wark. Here we observed several outcrops of lower Chinle Group
like the highly bentonitic mudstones that typify the Blue Mesdrata and attempted to extrapolate our interpretations into
Member in this outcrop belt (Heckert, 1997). These depositsbsurface of the southern PEFO, where there is additional
more closely resemble the colors and lithologies of thnell control (Harrell and Eckel, 1938).
Bluewater Creek Formation and represent, together with simi- Approximately 9.6 km WNW of the southern PEFO head-
lar deposits immediately to the south and west of the park, thearters a series of low outcrops consists of (ascending)
westernmost outcrops of this unit. Moenkopi, “mottled strata,” Shinarump, and Bluewater Creek
However, Dubiel et al. (1995) and Hasiotis and Dubi&lormations. Just to the ESE and slightly higher topographi-
(1995) identify some of these same strata as pertaining to¢hby are outcrops of the Blue Mesa Member of the Petrified
“Moenkopi Formation,” by which they mean the “mottled-orest Formation. All beds are essentially flat-lying. Moenkopi
strata.” Dubiel et al. (1995) and Hasiotis and Dubiel (1995rata at point A (Figure 2) consist of grayish red siltstones
however, represent an anomalous usage of this informal uaitgd sandstones. Overlying “mottled strata” are thin (1.5 m),
that runs contrary to the description of either the “mottldiiny to siliceous, pedogenically modified silt- and sandstones.
strata” or the Moenkopi Formation as designated and utilizA&dove the “mottled strata” are 1.6 m of well-indurated, trough-
by Stewart et al. (1972) and used by most subsequent workemsssbedded, quartzose sandstones with pebble- to cobble-sized,
The term “mottled strata” is used by most to refer to colosiliceous conglomerate typical of the Shinarump Formation.
mottled paleosols and other deposits that represent isolakéghoint B are greenish-gray and blue bentonitic mudstones
deposition and paleosol formation during the developmenttgpical of the lower Bluewater Creek Formation as described
the pre-Chinle Tr-3 unconformity of Pipiringos and O’Sullivaby Lucas and Hayden (1989) and Heckert and Lucas (1996).
(1978). As such, it is used exclusive of the term MoenkoPutcrops between B and C are mostly covered, but at point C,
Formation, even though it is possible that some mottled stragmtonitic, pedoturbated mudstones and ash-rich silty sand-
may represent pedogenically modified Moenkopi Formatigtones typical of the Blue Mesa Member crop out, thus dem-
sediments. onstrating the superposition of the Moenkopi, mottled strata,
In PEFO, the bioturbated mudstones near the base of #ienarump, Bluewater Creek, and Petrified Forest Formations
section are lithologically distinct from “mottled strata” on théypical of these strata in western New Mexico (Lucas and
rest of the Colorado Plateau. True “mottled strata” are gendiayden, 1989; Heckert and Lucas, 1996).
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Ficure 2—Cross-section of Triassic strata near the southern edge of PEFO. The Petrified Forest well reported by Harrell and Eckel (1938
provides stratigraphic control at the east (right) edge of the cross section. Note that mottled strata and the Moenkopidferatdgiast
120 ft (35 m) below the surface of PEFO. All outcrop control points surface checked. Synclinal structure probably theisssilitioin
collapse in underlying (Permian) rocks.

Local subsurface information from the two wells discusséHarrell and Eckel, 1939, p. 100). Adamana is approximately
below indicates that perhaps 35 m of additional Chinle strdt@a20 m lower in elevation than the base of our Newspaper
underlie the lowest mudstone unit exposed in the park bef@®eck Bed type section. This yields a minimum of 25-30 m of
contact with the Shinarump Formation (Harrell and EckeLhinle strata below the Blue Mesa Member (Figure 3), a num-
1939). Therefore, we consider the lowest grayish red and rbdr more consistent with the Mesa Redondo Formation at its
dish purple mudstones exposed in PEFO to belong to thpe locality (Cooley, 1958) than the Bluewater Creek Forma-
Bluewater Creek Formation. tion. However, the dominance of fine-grained lithologies in
this region indicates that this may just be a relatively thin
) o o section of the Bluewater Creek Formation, which is normally
No recent subsurface stratigraphic information is knovgy m thick (Lucas and Hayden, 1989; Heckert and Lucas,
from within the park, so we draw principally on water-welf ggg) One of the wells may have encountered mottled strata
logs published by Harrell and Eckel (1939). Two wells dr|IIe(1lb|ue shale”) 10 m below the top of the Shinarump Forma-
near the rail lines at Adamana west of PEFO indicate t _
after drilling through approximately 15 m of alluvium and A \ye|| drilled at the south park headquarters penetrates
fine-grained Chinle sediments, sandstones and conglomergiessynsela Member and approximately 90 m of fine-grained
pertaining to the Shinarump Formation were encountergdyia pefore the logger, park naturalist M.V, Walker, inter-

preted a Shinarump contact (Harrell and Eckel, 1939, p. 94).
This figure and the fine-grained nature of the strata penetrated
— “shales” and “sandy shales” — are consistent with a similar

SUBSURFACE STRATIGRAPHY

= interpretation of a thick Blue Mesa Member with an underly-
2= ing thin Bluewater Creek Formation (Figure 2). It is not clear
Adarnana Wells e on what grounds Walker identified the Shinarump. Perhaps
T T v he did so because at this level the well produced water, and
C e G Ll B Ny the Shinarump is the first likely aquifer to be encountered
ﬁuﬂm_'_"ﬁ::' o j_ | (Harrell and Eckel, 1939). Therefore, we present these data
—a.—..:,-,:-:_' v - “xm much more tentatively than those of the Adamana wells.
N = — -u;—_;;:; TETRAPOD BIOCHRONOLOGY
S — m IR i Two distinct vertebrate fossil assemblages have long been
e e e el recognized in PEFO: a late Carnian assemblage and a younger,
L ":| Norian assemblage (Gregory, 1957; Long and Padian, 1986;
— 1 Murry and Long, 1989; Murry, 1990; Lucas, 1993, 1995; Lucas

Ficure 3—Correlation of well information of Harrell and Eckel (1938)and Hunt, 1993; Hunt and Lucas, 1995; Long and Murry,_
with the Newspaper Rock section. Note that mottled strata aha95). These assemblages were collected from narrow strati-
Moenkopi Formation sediments are well below the surface of tg&aphic intervals below and above the Sonsela Member. Other
PENP. fossils from PEFO used for biochronology include
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Dubiel et al. (1995) THIS PAPER Therefore, we reaffirm that the oldest strata in the park are
. latest Carnian.
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PRELIMINARY RESULTS OF THE DAWN OF THE DINOSAURS PROJECT
AT PETRIFIED FOREST NATIONAL PARK, ARIZONA

ADRIAN P. HUNT
Mesalands Dinosaur Museum, Mesa Technical College
911 South Tenth Street, Tucumcari, NM 88401

AssTracT—The Dawn of the Dinosaurs Project is a multi-year project to understand the pattern and ecological context of early
dinosaur evolution in western North America with a special emphasis on Petrified Forest National Park (PEFO). This work has
resulted in the discovery of a new dinosaur locality and numerous specimens at other locations. All dinosaur localitiesrat PEFO

in paleosols. Dinosaur Ridge is in the upper Blue Mesa Member of the Petrified Forest Formation and all other dinosesir localiti
are in the lower portion of the Painted Desert Member. Late Triassic dinosaurs were dryland facies fossils and theirsgpparent r
to dominance before the end of the Triassic in Europe and South America reflects local drying events.

which is divided in ascending order into the Blue Mesa,

Sonsela and Painted Desert Members and the upper Owl Rock

THE MesaLanps Dinosaur Museum is conducting a multieqmation. Vertebrate fossils at PEFO are restricted to the
year study of the Late Triassic faunas of Petrified Forgstyifieq Forest Formation. Most fossils occur in the upper
National Park (Dawn of the Dinosaurs Project). The goal gfion of the Blue Mesa and the lower portion of the Painted
this project is to understand the pattern and ecological contg¥kart Members (Lucas, 1993: Hunt and Lucas, 1995). These
of early dinosaur evolution in western North America with @& ,noc gre respectively, Adamanian (late Carnian: late

special emphasis on Petrified Forest National Park. Tuvalian) and early Revueltian (early Norian), in age (Lucas
Two hundred and thirty million years ago there were @4 Hunt. 1993: Hunt and Lucas 1995).
dinosaurs. By 200 million years ago, every terrestrial animal, ’ ’

larger than a modern house cat, was a dinosaur. How did NEW DINOSAUR LOCALITY
dinosaurs become the dominant terrestrial vertebrates on Our surveys have resulted in the discovery of a significant
Earth? The fossil record in Western Europe and Soutbw dinosaur locality named Dinosaur Ridge. This locality
America suggests that dinosaurs took over rapidly in thes at approximately the same stratigraphic level as the Dying
middle of the Late Triassic (Hunt, 1991). What does the Noi@rounds area in the upper portion of the Blue Mesa Member of
American fossil record indicate? Dinosaurs are ratiee Petrified Forest Formation (late Carnian). Specifically it is
components of Late Triassic vertebrate faunas in west@hé m below the Sonsela Sandstone Member in a sequence
North America and more than 90% of specimens have belminated by mudstone, siltstone and silty- and sandy-
recovered from one quarry at Ghost Ranch in north-centnalidstone. The vertebrate assemblage derives from a sandy
New Mexico. Dinosaurs usually constitute less than 5% wfudstone that is grayish purple (5P 4/2) with yellowish gray
vertebrate fossils in any fauna in Upper Triassic strata of tffisr 8/1) mottles and contains thin, interbedded pebble lenses.
area. Petrified Forest National Park (PEFO) preserves a Dinosaur Ridge represents the only locality at PEFO of
sequence of highly fossiliferous Upper Triassic strata tHate Carnian age to produce a diverse accumulation of
include important dinosaur localities. The Dawn of therrestrial vertebrates (including dinosaurs), The dinosaur
Dinosaurs Project is a multi-year study of the context asdecimens represent at least two species. The larger species is
composition of Late Triassic dinosaur faunas at PEFO to hely known at present from a proximal tibia that represents an
elucidate the rise of the dinosaurs. animal comparable in size to the specimen described from
The Dawn of the Dinosaurs Project at PEFO has thierian strata in PEFO by Padian (1986). A smaller species is
principal goals: (1) to locate all dinosaur localities in the panepresented by several specimens including phalanges,
(2) to study taphonomic, paleoecologic and stratigraphiertebrae and tooth-bearing cranial and dentary fragments.
context of all dinosaur localities; and (3) to compare aridis site is only the sixth known latest Carnian (Adamanian)
contrast vertebrate-fossil-bearing localities that produdeosaur locality in western North America and only the
dinosaur fossils with those that do not. The results of tlsiscond to yield two kinds of theropod dinosaurs.
project will facilitate the understanding of the temporal and The associated fauna is dominated by small tetrapods
ecologic context of early dinosaurs. This paper presents san@uding several osteoderms of the small aetosaur
preliminary results of the project gathered during 1996, 198¢aenosuchus geoffregnd sphenosuchian vertebrae. Larger
and early 1998. vertebrates are represented by fragmental bones and teeth of
phytosaurs. Vertebrate coprolites are common.
GEOLOGICAL SETTING . . .
Dinosaur Ridge represents a overbank mudstone, subject

Two formations of the Upper Triassic Chinle Group, 5 fiyctuating watertable, that has been pedogenically

(sensu Lucas, 1993) are present at Petrified Forest Natigfgljified. Color-mottling, carbonate concretions and
Park (PEFO). These are the lower Petrified Forest FormatigRymineralized roots attest to the paleosol origin of this bed.

INTRODUCTION
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This locality is laterally equivalent to channel avulsion faciesmor plates and miscellaneous other elements) of a very small
(Hunt et al., 1996) (dorsal centrum length 6 mm) terrestrial reptile. This animal
is an new species and is characterized by a short, stout neck

) ) ) . (and presumably large head) and armor that is the shape of a
Introduction—Apart from Dinosaur Ridge, all dinosauryii-hed roof with a pitted ornamentation.

localities at PEFO are in the Painted Desert area of the Dinosaur Hollow.—Fhe Dinosaur Hollow locality

northern portion of,the park. The first specimens Wepntains only the holotype dthindesaurugnd fragmentary
collected in the 1980’s from the most productive locality th@becimens of a rauisuchian. This locality represents a very

is known as Dinosaur Hill (= Lacey Point = Bolt Quarry of 5| fossiliferous pocket that has only yielded a few
some authors). The second most important locality fSgmentary vertebrae in recent years.

Dinosaur Hollow which yielded the holotype®fiindesaurus Other localities.—Fragmentary theropod specimens have

bryansmalli(Long and Murry, 1995). _ been collected from other localities in the Painted Desert.
These dinosaur localities occur in the lower portion of thg, o specimens all come from paleosol sites in the same

Painted Desert Member of the Petrified Forest Formati@fatigraphic interval as Dinosaur Hill and Dinosaur Hollow.
(Hunt, 1995; Hunt et al., 1996). These localities are from 10-

30 m below the Black Forest Bed and occur in mottled NON-DINOSAURIAN LOCALITIES
mudrocks (Hunt et al., 1995; Hunt, 1995). The Dawn of the Dinosaurs project has also involved
The Painted Desert localities are characterized byamining localities that yield vertebrate fossils but no
mottled mudrocks, reduction haloes and calcrete nodutisosaur remains. Prospecting for non-dinosaurian sites has
indicative of paleosol formation (Hunt et al., 1995). Dinosayielded some significant specimens. One of the other new
Hill represents an abandoned channel deposit that was subzlities less than 200 m from Dinosaur Wash contains the
to seasonal ponding and pedogenic alteration. The producpegtial skeleton of a new aetosaur. This taxon is distinguished
interval overlies a fine- to medium-grained, well- sortebly being narrow-bodied with paramedian osteoderms with a
channel sandstone. weak pattern of random pits and a ventral bar. Recovered
Dinosaur Hill.—The fauna of the Dinosaur Hill locality isspecimens include portions of the carapace, vertebral column
dominated by small, terrestrial tetrapods. Significamind limbs. This aetosaur is related to an undescribed taxon
specimens include a partial skeleton of a theropod assigneddpresented by a partial skeleton at the Mesalands Dinosaur
Padian (1986) toCoelophysisthat is reposited at the Museum from the Santa Rosa Formation of Santa Fe County,
University of California Museum of Paleontology (UCMP)New Mexico.
This specimen (UCMP 129618) differs from the neotype of
Coelophysis baurin having (Hunt and Lucas, 1988): (1) o . o
femoral head more offset from the femoral shaft, with a deep 1aPhonomic investigations of Late Triassic vertebrate
groove on the proximal face of the head and a concave dilQ5p!itiés throughout  the = American = Southwest have
margin to the head so that the medioventral corner of the hEgPgnized three principal taphofaies in fluvial environments.
forms a ventrally directed point; (2) a tibia with a more robu§funt et al. (1995) identified these three taphofacies in the
cnemial crest and very large crest for attachment of the fleXxdpPer Triassic strata of PEFO: (1) channel-sandbody-hosted
muscle and ligaments on the anterior face; (3) a largsisemblages; (2) floodplain mudrock assemblages; and (3)
ascending process of astragalus; (4) an ilium with |arg%qleosol-hosted assemblages. V_ertebrate specimens in
supra-acetabular crest and proportionally shorter postefgnnelform sandstones are dominantly the isolated and
blade; and (5) proximal tarsals that are more flared. abr_aded fragments of phytosaurs, aetosaurs _and metoposaurs,
Other described specimens from Dinosaur Hill include{ich represent channel -lags. Floodplain assemblages
partial skeleton of the sphenosuchiadegperosuchugcf. 'ePresent the majority of fossil vertebrate specimens and
Sphenosuchusf Parrish [1991]) and teeth of an ornithischiaH‘ClUde articulated specimens of Ia_rger (dorsal c_entra >3 cm
identified by Padian (1990) &evueltosaurugAnchisaurid " length) tetrapods. These 'specimens occur in mudrocks
of Murry and Long, 1989). Other specimens included a skffrmed on proximal floodplains. Paleosol assemblages are

and postcrania of the small metoposadshchesaurusand deépauperate in - aquatic/semiaquatic taxa and  include
undescribed specimens of a smaller theropod dinosaur. articulated specimens of small tetrapods (dorsal centra <6 cm

Our collecting has yielded specimens of a third, Sma”éql,length). These assemblages occur in mottled mudrocks that
2ceratosaurian dinosaur including a complete femur affytain carbonate (calcrete) nodules. -
numerous vertebra as well as several more teeth of Pinosaur Ridge and all the other dinosaur localities at
Revueltosaurusin addition, we have collected the mosl[:’EFO occur in the paleosol taphofacies. This has provided a

complete known vertebral column of the small amphibiaﬂ?Od search model for identifying additional localities and

ApachesaurusOther specimens included vertebrae of a ve _ilization of this model led to the discovery of Dinosaur

small archosaur and armor plates of a new aetosaur-liKE9¢- . . o
crurotarsan previously only known from New Mexico. It appears that the stratigraphic distribution of
The Dinosaur Hill specimens also include a partigtphofa0|es is not random (Table 1: Hunt and Lucas, 1993;

skeleton (vertebrae from all portions of body, limb bone'é',unt et al., 1995). Vertebrate accumulations of the paleosol
taphofacies are better known from the Painted Desert

OTHER DINOSAUR LOCALITIES

TAPHONOMY IF DINOSAUR LOCALITIES




HUNT—PEFO, DAWN OF DINOSAURS 137

TasLE 1—Some of the principal vertebrate localities at Petrified Forest Program and Abstracts of Presented Papers and Posters of Third
National Park characterized by taphofacies. Note that none occur Biennial Conference of Research on the Colorado Plateau, 26.
in the channel-sandbody-hosted assemblage. Locality names-are—. anp Lucas, S. G. 1993. Sequence stratigraphy and a
those used historically, in the paleontological files at PEFO and in tetrapod acme zone during the early Revueltian (late Triassic:

recent publications (modified after Hunt et al., 1995). early Norian) of western North America. New Mexico Museum
of Natural History and Science Bulletin, 3: G46.

Floodplain Paleosol Stratgraphic unit . AND . 1995. Two Late Triassic vertebrate faunas at
taphofacies taphofacies (Member) Petrified Forest National Park, p. 89-93. In Santucci, V. L.
Dying Grounds Blue Mesa (ed.), Natipnal Park _Service Paleontological Research. National

Crocodile Hill Blue Mesa Park Service Technical Report NPS/NRPO_/NRTR-95/16.
Jasper Forest Blue Mesa » AND - 1998, A ne_\{v theropod dl_nosaur from the
P Norian (Late Triassic) of Petrified Forest National Park, AZ and
Crystal Forest Blue Mesa east-central New Mexico: Geological Society of America,
Devil's Playground Blue Mesa Abstracts with programs, in press.
Phytosaur Basin Blue Mesa , V. L. SanTuccl, anp A, J. NewelL. 1995. Late Triassic
Dinosaur Ridge Blue Mesa vertebrate  taphonomy at Petrified Forest National Park , p.
Flattops Painted Desert 97-100. In Santucci, V. L. (ed.), National Park Service
Black Forest Painted Desert Paleontological Research. National Park Service Technical
Billings Gap Painted Desert ’ Ripg”_’lf'zsglsRP%/NFETR‘?/Slf- - I E
. . . uNT, A. P., T. J. @soN, P. HUBER, T. SHiIPmMAN, P. BRCHEFF, AND J. E.
Lun_gflsh Locz_illty Pa_mted Desert FrosT. 1996. A new theropod locality at Petrified Forest
Dinosaur Hill Painted Desert

. . National Park with a review of Late Triassic dinosaur localities
Dinosaur Hollow Painted Desert in the park; In Boaz, D., Dierking, P., Dornan, M., McGeorge,
R. and Tegowski, B. J., (eds.), Proceedings of the Fourth Annual
Fossils of Arizona Symposium: Mesa, Mesa Southwest
Member. However, this may be in part a collecting bias. Museum and Southwest Paleontological Society, p. 55-61.
Previous collectors have tended to concentrate on #f'e R. A.ano P. A. Murrv. 1995. Late Triassic (Carnian and
collection of larger specimens and the small, fragmentary Norian) tetrapods from the Southwestern United States. New
. 2 . Mexico Museum of Natural History and Science Bulletin 4, 254
specimens from paleosols have been overlooked. We predict
that future dinosaur localities will be found in the Blue MeSacas, S. G. 1993. The Chinle Group: revised stratigraphy and
Member utilizing the paleosol search model . chronology of Upper Triassic nonmarine strata in the western
United States: Museum of Northern Arizona Bulletin, 59: 27-

50.
Preliminary results from PEFO indicate that Late Triassic___ ayp A. P. HunT. 1993. Tetrapod biochronology of the Chinle

dinosaurs inhabited dryland environments where calcretes Group (Upper Triassic), western United States: New Mexico
were forming and that they were absent from wetter Museum of Natural History and Science Bulletin, 3: 327-329.
ecosystems. In essence, Late Triassic dinosaurs were drytane—, O. J. AiersoN A. B. Heckert, anD J. W. BTER 1997,
facies fossils. This suggests that the apparently rapid rise to Phytosaur from the Wingate Sandstone in southeastern Utah
dominance of dinosaurs in the Norian as evidenced in Western nd the Triassic-Jurassic boundary on the Colorado Plateau;
Europe and South America may indicate a localized drying Anderson. B, Boaz and McCord, R. D., (eds.), Proceedings of

events. In North America, where the climate remained moist the Southwest Paleontological Symposium, Mesa Southwest
) ’ ' Museum and Southwest Paleontological Society, p. 49-58.

dinosaurs remaingd a minor part of the overall ecosy.Stem upIQJRRY, P.A.anp R. A. Lone. 1989. Geology and paleontology of the
the end of the Triassic. At the very end of the Triassic in  chinle Formation, Petrified Forest National Park and vicinity,

western North America the eolian facies of the Wingate Arizona and a discussion of vertebrate fossils of the
Sandstone indicate a drying trend (Lucas et al., 1997) that southwestern Upper Triassic, p. 29-64. In Lucas, S. G. and
coincided with the rise to dominance of the dinosaurs on this Hunt, A. P. (eds.), Dawn of the age of dinosaurs in the American

IMPLICATIONS FOR DINOSAURIAN EVOLUTION

continent. Southwest. New Mexico Museum of Natural History,
Albuquerque.
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VERTEBRATE TRACKS AND THEIR SIGNIFICANCE IN THE CHINLE
FORMATION (LATE TRIASSIC), PETRIFIED FOREST NATIONAL
PARK, ARIZONA

ANTHONY J. MARTIN! aAno STEPHEN T. HASIOTIS
!Geosciences Program, Emory University, Atlanta, GA 30322.
2Department of Geological Sciences, University of Colorado, Boulder, CO 80309.

AssTRACT—Previous research in the Upper Triassic Chinle Formation in Petrified Forest National Park (PEFO) has only yielded
two isolated footprints, which is in stark contrast to the comparatively large number of vertebrate body fossils foudethere.
report here the discovery of a numerous reptilian tracks, including two dinosaur tracks, in the Chinle Formation in PEFO, consi
erably expanding the paleontological database for vertebrates in PEFO.

Tracks of phytosaurs, small-sized reptiles, and dinosaurs occur in ripple-laminated sandstones of the Monitor Butte Member,
whereas other small- and intermediate-sized reptile tracks occur in cross-bedded sandstones of the Petrified Forest Member. A
phytosaur trackway is discontinuous but consists of 12 footprints having a total length of 2.2 m and was likely madeiley a juven
animal with a walking movement that turned slightly to the right. One small reptile trackway (compriieghohosauroides
isp.) represents lateral movement by the tracemaker, rather than straight, forward locomotion. One isolated print that we are
attributing to a large theropod and a smaller partial print formed by either a theropod or ornithopod supplement skeletal evide
of dinosaurs in the area. Tracks in the Petrified Forest Member are numerous in places, most show claw marks, and are smaller
than phytosaur tracks, suggesting intermediate-sized reptilian tracemakers. Most of these tracks apparently are not parts of
continuous trackways, although some show manus-pes pairings, and they are relatively consistent in size and shape, pointing
toward a probable adult animal of the same species as a tracemaker.

Vertebrate tracks and trackways in the Chinle Formation of PEFO affirm that sedimentological conditions were sufficient in
this area for footprint preservation, although most tracks likely represent undertracks. Further investigation of Cainle strat
should yield more information regarding the identity of tracemakers, further reconciling the vertebrate body fossil assitrace f
records in this area.

We propose that because invertebrate trace fossils are ex-

) ) . .ceedingly common and diverse in the Chinle of PEFO, de-
VERTEBRATEBODY fossils are common in the Upper Tnas&gmte the lack of corresponding body fossils (Dubiel and

Ch!nle Formation of the southwestern U.S. and have beﬁ’&siotis, 1995; Hasiotis and Dubiel, 1993a, b, 1995), then
the subject of much research (Camp, 1930; Camp and Wellgs.a v ational conditions conducive for invertebrate traces
1956; Colbert, 1972; Padian, 1986; Long and Padian, 198f,q also apply to vertebrate traces. This observation, com-
Lucas and Hunt, 1993). Reports of vertebrate trace fossilg)pfe with the presence of vertebrate tracks in the Chinle out-
the Chinle, especially tracks and trackways, are also Wellie of PEFO, implies that tracks should be present. Confir-
known from the upper part of the Chinle (Hunt et al., 198Q41i0n of their presence is the purpose of this report, where
Lockley et al., 1992; Lockley and Hunt, 1993; Lockley et alye gocument the discovery of tracks and trackways made by
1993; Lockley and Hunt, 1995, p. 99, 103-104). Howev&[nknown reptilian tracemakers, phytosaurs, and dinosaurs in

tracks from the lower part of the Chinle throughout the sout,bEFO; the phytosaur and dinosaur tracks are the first ever
western U.S. are apparently uncommon (Lockley and Huml:erpreted from this area.

1995, p. 103-104), and the Chinle of Petrified Forest National

Park (PEFO) of northeastern Arizona has had only two iso- STUDY AREA AND STRATIGRAPHY

lated footprints reported, both &hynchosauroides isp. PEFO, in northeastern Arizona, has one of the best expo-
(Santucci and Hunt, 1993; Santucci et al., 1995). The appaures of the Chinle in that region. Sediments composing the
ent lack of tracks and trackways in PEFO has been interpreBdnle Formation were deposited in fluvial, palustrine, and
as a result of wet conditions during deposition of some Chitdeustrine environments of conterminous continental deposi-
sediments in the region (M. G. Lockley and A. P. Hunt, pefenal basins and modified by various stages of pedogenesis
sonal communication with Hasiotis, 1994; Lockley and Hurduring the Late Triassic (Dubiel, 1989; Hasiotis and Dubiel,
1995, p. 103-104). Phytosaurs, the most common vertebrdi®83b). Tracks described here occur in the southern part of
represented by body fossils in PEFO, have had none of tiiFO in the Monitor Butte and Petrified Forest Members of
tracks reported. Other animals in PEFO, such as metoposatesChinle. Tracks in the Monitor Butte occur in the region of
rauisuchians, aetosaurs, theropods, dicynodonts, and vari@ime Tepees” and tracks in the Petrified Forest Member occur
other reptiles and amphibians, also seemingly left no tradgk-the region of “Rainbow Forest” and “The Flattops.” The
way evidence, despite their presence indicated by body fosgéelogy of these areas has been well documented in previous
in parts of the Chinle (Long and Padian, 1986). studies (Ash, 1986; Dubiel et al., 1994; Demko, 1995; Hasiotis

INTRODUCTION
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Ficure 2—Bedding plane exposure of tracks used for track census in
Table 1; float block from Petrified Forest Member, Chinle Forma-
tion, PEFO.

Ficure 1—Rhynchosauroidetrackway from Monitor Butte Mem-
ber, Chinle Formation, PEFO, showing lateral movement

f . s
tracemaker (from right to left). fon argue more for multiple individuals. If made by the same

individual, different preservation modes and lack of preserva-
tion of manus prints are responsible for gaps between tracks.
) Claw marks without pedal impressions are clearly
and Dubiel, 1995). _ _ undertracks, pointing to subtle differences in substrate condi-
Tracks and trackways in the Monitor Butte Member prijons in the original preservational medium. Close-up views
marily occur on the tops of ripple-laminated and plane-begrsome tracks also reveal some evidence of foot rotation where
ded, fine-grained sandstones in the upper part of the Newspgiq was pushed up behind the foot as the tracemaker moved.
per Sandstone fluvial complex in the area of The Tepees, Mogflith details are indicators of a firm, cohesive substrate in

at Lone Tepee. Tracks in the Petrified Forest Member ocgices, sufficient to preserve the effects of movement by a rather
in the base of a trough cross-bedded, medium-grained saf}flz|| vertebrate.

stone in a thick sandstone (Flattop #1) above the Sonse|a/Rain'RhynchosauroideHacemakers left abundant tracks in

bow Forest sandstone complex, which is near the base ofdhg\e Late Triassic deposits (Lockley and Hunt, 1995, p.95)

Petrified Forest Member, in the south end of PEFO (Rainb@Wq the most probable tracemakersRfbynchosauroidesere

Forest). rhynchocephalians (Lockley and Hunt, 1995, p. 87). A few
DESCRIPTION AND INTERPRETATION OF VERTEBRATE TRACKS specimens oRhynchosauroidesere also found in the Petri-

Tracks in PEFO represent at least four distinctive grou .‘§d Forest Member, although trackways were lacking. We

of tracemakers and can be broadly categorized on the bas r‘gif:ipate that the abundance of this ichnogenus in the Chinle

track size and shape. These groups of tracemakers are.qéBEFo will be better established through future investiga-

small reptiles, possibly rhynchocephalians; (2) intermediaff2"s- , . . .
sized reptiles; (3) phytosaurs; and (4) dinosaurs. Intermediate-Sized ReptilesNwimerous tracks in the

Small Reptiles.-Fhe smallest tracks in PEFO are assigﬁetrified Forest Member indicate an abundant and active small-

able to the ichnogenu&hynchosauroides Specimens of and medium-sized tetrapodal fauna in this region. Tracks are
Rhynchosauroidesonsist of five- or four-toed prints, foot_preserved as positive-relief hypichnia (casts); the majority of

print lengths and widths of about 1 cm, and individual t&@cks observed were in float blocks but were easily traceable
widths and lengths of 2 mm and 5-7 mm, respectively. Thégeadjacent outcrops of Flattop Sandstone Bed #1. Some in-

tracks occur in both the Monitor Butte and Petrified Fore%lltu tracks were found on the underside of a bed within the

Members, although a trackway is preserved in the Monif&iddle of this thick sandstone unit, thus supporting our cor-

Butte. This trackway is unique in its evidence of lateral mO\)'ee—l""t'On of thektrgck.; with t_r;g(rj stratigraphic tp;osmon.
ment by the tracemaker. Manus prints, preserved as negative-'vIOSt tracks in the Petrified Forest Member were appar-

relief epichnia (molds) are parallel to one another, Where%{gly made by similar tracemakers, based on consistencies in

pes prints are apparently absent from the same bedding p ft f"‘_nd ShaF_’e of the prints. Qne beQdi_ng plang yielded 15
sntlflable prints that showed little variation in size param-

(Figure 1). Some of the prints overlap one another, showin X X
rs, although not all toe prints were preserved (Figure 2;

sequence of lateral movement of the tracemaker from righ , i ) k
'%ble 1). Some manus-pes pairs are evident on this bedding

left. Other tracks that more-or-less parallel the lateral trac i dicati q dal K b d
way may or may not have been made by the same individ ne, in |cat|ng.qua rupedal tracemakers, but we cou pot
scern any continuous trackways. Tracks are not distinctive

tracemaker, although slight differences in size and oriengé
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TasLe 1—Track census and descriptive statistics from bedding plageably smaller dimensions relative to foot sizes of larger qua-
in Flattop Sandstone Bed #1, Petrified Forest Member (n = 18fupedal tracemakers represented by body fossils in the re-

Prints are presumed pes impressions. gion, such as aetosaurs, phytosaurs, or dicynodonts (Long and
, Padian, 1986), precluding adults of these animals as sources
Mean Median of the larger tracks. Although these tracks could be from ju-
Track Width 6.3+1.6cm 5.8cm . g : 9 ) : J
Track Length 43+1.3cm 4.0cm venile animals of larger quadrupeds, the size consistency of
Width/Length Ratio 15+0.5 14 most tracks suggests that they are more likely from adult rep-

Number of Toes 2 (1 specimen); 3 (9 specimens); 4 (5 specimens) tiles of an unknown but similar species.

Mode =3 3 Phytosaurs—Individual tracks and a trackway in the
Monitor Butte Member provide the first compelling trace fos-
sil evidence in PEFO of phytosaurs, commonly represented by
enough to assign to a specific ichnogenus and their varialbbely fossils in the Chinle there. One individual track (Figure
preservation, probably as undertracks, argues against apph)-displays four well-defined claw marks (6-11 cm long) that
ing such designations. Nevertheless, claw impressions aueve backward from their initial penetration of the sediment;
clearly represented by most specimens, thus reflecting remiterall track width is about 14 cm. This same curving of four
ian tracemakers. claw marks is also observable in the clearest print in a track-
The considerably larger size of these tracks, in compasiay from the same unit (Figure 3b). Claw marks are similar
son to specimens &hynchosauroideslearly indicates larger in length to the previously described footprint (6-12 cm long),
tracemakers than rhynchocephalians. However, their congitthough the track width is slightly less (10 cm). A third
footprint (not associated with a trackway) shows five foot pads
without claw marks; width is 10.8 cm and length is 15.0 cm.
This track, interpreted as a pes print, also has a mediolateral
pad impression associated with the fifth metatarsal impres-
sion.

The trackway (Figure 4) is 2.2 meters long, 37-38 cm
wide, and has 12 total prints, although it is missing some im-
pressions in the sequence. The overall trend of the trackway
turns slightly to the right of the tracemaker. The trackway
shows a similarity in spacing between manus and pes impres-
sions (24-28 cm, out of four manus-pes pairs), although stride
measurements are uncertain because of the incompleteness of
the trackway and partial preservation of tracks. Nevertheless,
right pes-pes stride is about 35 cm at the beginning of the
trackway and this measurement served as a predictive indica-
tor for other impressions. Variability in measurements can be
attributed to changes in surface topography, the turning mo-
tion of the tracemaker, substrate conditions, measurement of
only partial prints, and their probable preservation as
undertracks.

Based on previous assessments of phytosaur body fossils,
their functional morphology, and presumed pedal morphol-
ogy, our evidence points toward phytosaurian tracemakers for
the tracks we have described here. The curving of the claw
marks indicate a rotational aspect to the tracemaker’s move-
ment, which is consistent with interpreted movement for
phytosaurs (Parrish, 1986). The obscured impressions of dig-
its (which are not visible in most tracks of the trackway) are
also consistent with this rotation of the pes. Footprint sizes
are within the range of known phytosaur sizes, although some
tracks described here could be from juvenile animals. The
trackway width, manus-pes spacings, and stride length could
be attributed to other large vertebrate tracemakers (i.e.,

Figure 3—Tracks interpreted as made by phytosaurian tracemakrarlé'usucmar?s’ aetc.)saurs) but When Vlewe.d In Combmat.lon W!th
in Monitor Butte Member, Chinle Formation, PEF@op, indi- the prece(_jmg evidence are nqt. inconsistent with a juvenile
vidual track not associated with a trackwaBottom track (pre- Phytosaurian tracemaker. Additionally, the sheer abundance
sumed pes impression) from beginning of trackway shown in Fgf phytosaur body fossils in PEFO in comparison to other qua-
ure 4. drupedal vertebrates argues that any relatively large tracks




MARTIN AND HASIOTIS—PEFO, TRIASSIC TRACKS 141

gion and parts of two toes proximal to the heel. Track form is

tridactyl and a medial toe pad distal from the heel is also
evident. Overall track length is 26 cm and outside toes are
19-20 cm long, presumably representing minimum size of the
track owing to its incompleteness. Pressure ridges are evi-
dent in the heel, lower part of the middle toe, and distal toe
pad impressions and all three ridges reflect the animal’s shift-
ing of weight and subsequent movement in the same direc-
tion. Assuming bipedalism and forward movement, the track

is from a left pes. We are attributing the track to a large

theropod, although without better preservation we cannot make
a more precise designation.

A smaller partial print (Figure 5b), also a positive-relief
hypichnion, shows a clear impression of one toe (with accom-
panying clawmark) and a partial impression of the middle
toe; the presumed third toe is missing from the print. This
track, similar in impression to the other track, is also inter-
preted as a left pes print. The size and shape of the partial
print is comparable to pes impression#\efripus a dinosaur
track described from the Chinle outside of PEFO (Lockley
and Hunt, 1995, p. 85). The interpreted tracemaker for
Aetripushas been a subject of contention but has been most
persuasively attributed to ornithischians (Olsen and Baird,
1986). HoweverAetripusis, by definition, a track associated
with a quadrupedal trackway (Olsen and Baird, 1986), thus
until further evidence of quadrupedalism is seen with similar
tracks in the Chinle of PEFO, we hesitate to assign this
ichnogenus name (or any other) to this partial track.

Both tracks provide independent evidence of a dinosau-
rian presence in the region of PEFO at the time of Monitor
Butte deposition and support body fossil evidence of dinosaurs,
although a large enough tracemaker for the first described di-
nosaurian track has not yet been found here. Indeed, the size

. . . . of this track is a notable exception to smaller dinosaur tracks
Fieure 4—Dislodged block in Monitor Butte Member, Chinle For, g in age-equivalent strata of the region and a discerned
mation, PEFO, showing trackway interpreted as made O%fadual increase in dinosaur footprint size toward the Trias-
phytosaurian tracemaker (chalk outlines around tracks). Snow- .
flakes and S. Hasiofis for scale. sic-Jurassic boundary, as postulated by Lockley and Hunt
(1995, p. 104-105).

_ _ _ _ SUMMARY OF RESULTS AND CONCLUSIONS
found in the area showing quadrupedalism likely belong to Tracks and trackways discovered in the Chinle Forma-

phyt_osaurs, if track abundance is at all correlative with boﬂXn of Petrified Forest National Park (PEFO), northeastern
fossil abund_an_ce. . . . Arizona, are locally abundant and reflect at least four distinc-
Tracks 'f‘d'ca“"e O.f _phytosaurlan behawor_do not se&fle tracemakers. A list of possible tracemakers for any verte-
as common in the Petrified Forest Member as in the 'V"”?' ate tracks found in the Park, based on skeletal data, would
Butte. However, one large four-toed track found there mig ‘i:lude the following animals: metoposaurs, phytosaurs,
ha_tve been made by a phytosaur, although the abs_ence of i &tbsaurs, rauisuchids, poposaurs, trilophosaurs, rhynchosaurs,
tiiable claw marks allows for other tracemaker Interloret@'phenodontids, and theropods. Interpretation of tracemakers

tions, such as metoposaurs. Nevertheless, this track _hintﬁ tracks reported here are difficult owing to the incom-
the presence of a larger tetrapodal fauna at the same time preservation of most tracks. Thus, our interpretations

place as the smaller tracemakers, which may lead to MO8 jiniteq to small reptiles, intermediate-sized reptiles,

discoveries of larger tracks in the Petrified Forest Memberphytosaurs and dinosaurs. We have excluded rauisuchians
B ttDmslsau[)s—Two mdn;u:aal tracks from tfhz_Mon'tor_and aetosaurs as tracemakers for what we interpret as phytosaur
¢ utte kem eor SUQ.ng ith € Er_esencT to h'noszw'ﬁgcks for reasons explained previously, but other tracks made
racemakers. ne print, atnough incompiete, Shows dimgl: jntermediate-sized reptilian tracemakers may relate to

sions consistent with large theropod tracks in the Chinle fr Eosaurs, trilophosaurs, and sphenodontids. Rhynchocepha-

outside of PEFO (Figure 5a). The track is preserved as a p 2hs are most likely represented by the smallest footprints
tive-relief hypichnion with well-defined relief in the heel re- y rep y P '
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Ficure 5—Individual tracks interpreted as made by dinosaurian tracemakers, Monitor Butte Member, Chinle Formation,efEE&ge
partial track, presumed theropod tracemakiRight Small partial track showing claw mark on far right toe, presumed theropod or

ornithischian tracemaker. Lens cap = 5.5 cm in both pictures.

such asRhynchosauroides Triassic.
Significant aspects of the our study include the fol- ®* The sheer abundance of tracks in the Petrified Forest
lowing: Member and preservation of other tracks show that sub-
* Tracks and trackways represent the first substantial record ~ strate conditions were conducive for track preservation
within the area represented by PEFO.

of such vertebrate trace fossils in strata from PEFO.

* Most tracks simply indicate walking behavior, although ® The large theropod track in the Monitor Butte is an ap-
parent exception to stratigraphic trends postulated for

the Rhynchosauroidetrackway in the Monitor Butte nw ! OSTU

apparently represents lateral movement, which is un-  theropod footprint size during the Late Triassic.

usual for fossil vertebrate tracks. In conclusion, we anticipate that our findings will en-
gourage future exploration of Chinle strata within PEFO for

* The phytosaur trackway in Monitor Butte is one of thg " : .
. . . similar and different tracks, as well as better correlation be-
few interpreted from the geologic record; some work- S
) : . fyveen the traces and the tracemakers through a combination
ers have postulated that their preservation was unlike I\,/ !
) of ichnology and paleontology of vertebrate skeletal material.
because of phytosaur locomotion.
* The dinosaur tracks are the first interpreted from the con- ACKNOWLEDGMENTS
fines of PEFO and they help to confirm body fossil evi- Many thanks for the warm hospitality and accommoda-
dence of dinosaur presence in the area during the Ladas provided by the PEFO personnel during our stays at the
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copies. LockLey, M. G.,anD A. P. Hunt. 1993. A new Late Triassic tracksite
from the Sloan Canyon Formation, type section, Cimarron Val-
ley, New Mexico. New Mexico Museum of Natural History
AsH, S. R. 1986. Petrified Forest - The story behind the scenery. and Science Bulletin 3:279-283.

Petrified Forest Museum Association and KC Publications, 48 , AND . 1995. Dinosaur tracks and other fossil foot-

p. prints of the western U.S. New York, Columbia University Press,
Barp, D. 1957. Triassic reptile footprint faunules from Milford, 338 p.

New Jersey. Museum Comparative Zoology (Harvard Unive.——, V. F. S\nTos, anp A. P. HUnT. 1993. A new Late Triassic

REFERENCES

sity) Bulletin 117:449-520. tracksite in the Sheep Pen Sandstone, Sloan Canyon, New
. 1964. Dockum (Late Triassic) reptile footprints from New  Mexico. New Mexico Museum of Natural History and Science
Mexico. Journal of Paleontology, 38:118-125. Bulletin 3:285-288.

Camp, C. L. 1930. A study of phytosaurs, with descriptions of new———, A. P. Hunt, K. ConrAD, AND J. RoBiNsoN. 1992, Tracking
material from western North America. Memoirs of University  dinosaurs and other extinct animals at Lake Powell. Park Sci-

of California, 10:1-174. ence: A Resource Management Bulletin 12:16-17.
, AND S. P. WLLEs. 1956. Triassic dicynodont reptiles. l.Long, R. A.,anp K. Pabian. 1986. Vertebrate biostratigraphy of the
The North American genuBlacerias. Memoirs of University Late Triassic Chinle Formation, Petrified Forest National Park,
of California, 13:255-348. Arizona: preliminary results.In Padian, K. (ed.), The begin-
CoieerT, E. H. 1972. Vertebrates from the Chinle Formation. Mu- ning of the age of dinosaurs. New York, Cambridge University
seum of Northern Arizona Bulletin, 47:1-11. Press, p. 161-169.

Demko, T. M. 1995. Taphonomy of fossil plants in the Upper Triag-ucas, S. G.,anp A. P. Hunt. 1993. Tetrapod biochronology of the
sic Chinle Formation. Ph.D. dissertation, University of Ari-  Chinle Group (Upper Triassic), Western United Stalte&ucas,

zona, Tuscon, Arizona, 274 p. S G., and Morales, M. (eds.), The Nonmarine Triassic, Bulletin
DusieL, R. F. 1989. Depositional and climatic setting of the Upper of the New Mexico Museum of Natural History and Science,
Triassic Chinle Formation, Colorado Platedn.Lucas, S. G., 3:327-329.

and Hunt, A. P. (eds.), Dawn of the age of dinosaurs in ttesen, P. E..anp D. Bairp. 1986. The ichnogenusgreipus and its
American Southwest, New Mexico Museum of Natural His-  significance for Triassic biostratigraphyn Padian, K. (ed.),
tory, Albugquerque, NM, p. 171-187. The beginning of the age of dinosaurs. New York, Cambridge
, AND S. T. Hhsiomis.  1995. Paleoecological diversity and University Press, p. 61-87.
community interactions; insect and other invertebrate ichnofosBibian, K. 1986. On the type material of Coelophysis Cope
evidence in Triassic continental ecosystem reconstruction. Geo- (Saurischia: Theropoda), and a new specimen from the Petri-
logical Society of America Abstracts with Programs, 27:165. fied Forest of Arizona (Late Triassic, Chinle Formatiorhi.
, , T. M. Demko, N. R. Raes, C. L. May, S. R. AH, Padian, K. (ed.), The beginning of the age of dinosaurs. New
AND R. J. LFrtwin. 1994. A complete composite measured sec-  York, Cambridge University Press, p. 45-60.
tion of the Upper Triassic Chinle Formation, Petrified ForeStarrisH, J. M. 1986. Structure and function of the tarsus in the
National Park. Petrified Forest National Park Research Ab- phytosaurs (Reptilia: Archosauria)n Padian, K. (ed.), The
stracts, 3:6-7. beginning of the age of dinosaurs. New York, Cambridge Uni-
Hasiotis, S. T.,anp R. F. DueieL.  1993a. Trace fossil assemblages  versity Press, p. 35-43.
in Chinle Formation alluvial deposits at the Tepees, Petrifi@ntuccy, V. L., ano A. P. Hunt. 1993. Late Triassic vertebrate

Forest National Park, Arizondn Lucas, S. G. , and Morales, tracks discovered at Petrified Forest NP. Park Science, 13, 4:14.

M. (eds.), The Nonmarine Triassic, Bulletin of the New Mexice——, ,AND M. G. LockLey. 1995. Late Triassic verte-

Museum of Natural History and Science, 3:G42-G43. brate tracks from Petrified Forest National Park. In Santucci
, AND . 1993b. Continental trace fossils of the Upper  and McClelland (editors), National Park Service Paleontologi-

Triassic Chinle Formation, Petrified Forest National Park, Ari-  cal Research Volume, National Park Service Technical Report,
zona. In Lucas, S. G. , and Morales, M. (eds.), The Nonmarine NPS/NRPO/NRTR-95/16, p. 109-112.



VERTEBRATE COPROLITES AND COPROPHAGY TRACES, CHINLE
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AssTrACT—AIlthough vertebrate coprolites have been noted by previous workers in parts of the Late Triassic Chinle
Formation, Petrified Forest National Park (PEFO), little attempt has been made to better assess the paleontological
significance of these trace fossils. This study represents the first such attempt to describe and interpret coprolites from
the Chinle in the PEFO by using both qualitative and quantitative methods. Coprolites also contain traces of coprophagy
(consumption of the original feces), which provides further information about coprolite taphonomy and nutrient cycling
during the Late Triassic in this region.

Coprolites occur in the Petrified Forest Member in association with a bone bed known in PEFO as “The Dying
Grounds;” the environment is interpreted as a perennial swamp or watering hole. Coprolites are primarily ellipsoidal
and cylindrical; specimens examined have an average ¢fd.4icm diameter (n = 45) and lengths range from 1-6 cm,
although most specimens are incomplete. Digestive tract morphology of tracemakers is revealed by coprolite size,
surface markings (vertical parallel and horizontal heteropolar striations), and pinched or tapered ends. Bone fragments
and concentrations of calcium and phosphorus, evident in some samples through macroscopic and SEM examinations,
reflect a carnivorous feeding habit for at least some tracemakers. Likely candidates for tracemakers, estimated through
the vertebrate body fossil record for this region, are aetosaurs, metoposaurs, phytosaurs, rauisuchians, or theropods.

About a third of examined coprolites have minute-diameter holes- (0.3 mm; n = 16, measured through SEM),
some of which show interconnections through tunnels parallel to coprolite surfaces. We interpret these features as
coprophagy traces made by insects, such as dipteran larvae, which may be among the oldest reported such traces in the
geologic record. These traces demonstrate cycling of organic material from vertebrate feces occurred soon after fecal
formation and represent time preceding early diagenesis, exhumation, transportation, and final burial of feces.

we provide a preliminary description of vertebrate coprolites

and their accompanying trace fossils. The latter may be the

A'—THOUGH coproLTes(fossilized feces) have gained som@gest interpreted evidence of feeding on vertebrate fecal re-
popular recognition in recent years, particularly as rgiains (coprophagy) in the geologic record.
lated to dinosaurs (Hunt et al., 1994; Wright, 1996), they re-

main comparatively less studied than trace fossils such as STUDY AREA AND STRATIGRAPHY
tracks, trails, and burrows. Although unpopular, coprolites The 45 specimens in this study were collected in PEFO
are nevertheless valuable trace fossils because of their difiEm@n a smectitic purple-gray mudstone in the Petrified Forest
relation to paleodiet. These trace fossils can be used to deember of the Late Triassic Chinle Formation (Figure 1).
mine the existence of certain food types, such as plantsTbe bone bed containing the coprolites is referred to as the
animals, during the time of fecal formation (Walderman ari®ying Grounds” by some workers in this region because of
Hopkins, 1970; Sohn and Chatterjee, 1979; Chin 1990; Clii;m abundance of skeletal material. This area was formed
et al., 1991a,b) and digestive tract morphology (Thulbommainly through deposition in low-sinuosity streams (Kraus
1991). Traces within coprolites, such as burrows by orgaand Middleton, 1987), as represented by channel sandstones,
isms consuming organic material in the original feces, dteodplain-paleosol mudstones, and locally evident organics-
also instructive for understanding nutrient cycling in the corich pond and bog mudstones (Parrish, 1989). The deposi-
text of the tracemakers’ environments (Chin and Gill, 1996jonal environment for final coprolite burial is interpreted as
Trace fossils in strata of the Chinle Formation (Late Tr& pond or floodplain.
assic) of Petrified Forest National Park (PEFO) are very com-
mon, interpreted as originating from both invertebrate and ) o )
vertebrate tracemakers in a variety of continental settings '€ 45 specimens were initially assessed through quali-
(Dubiel and Hasiotis, 1995; Hasiotis and Dubiel, 1993a Ve and quantitative analysis. Each specimen was exam-
1995; Martin et al., 1997). Although Late Triassic coprolitd@€d for specific morphology. The samples exhibited most
in nearby New Mexico were investigated by Ash (1978) aﬁ_aandard morphological characteristics for coprolites, as out-
Weber and Lawler (1978), vertebrate coprolites in the Chirlg€d by Thulborn (1991) and Hunt et al. (1994), and thus
of PEFO have not been thoroughly described or interpretedliQVe€d capable of categorization. Sizes were assessed through
terms of their taphonomic and paleoecologic significance. H&pgasurement and calculation of circumference, diameter, ra-
dius, and length. Circumferences were taken from the three
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TasLe 1—Percentages of morphological categories or features for
coprolites from Petrified Forest Member, Chinle Formation, PEFO

(n = 45).
Amphipolar = 0% Bend = 26%
Hi Heteropolar = 0% Radial = 0%
iy Cylindrical = 93.3% Concentric = 42%
I Pellet = 0% Parallel Striations = 28%
i Pinched End = 24% Regular Pits = 13%
Tapered End = 55% Irregular Pits = 35%

Constriction = 22%

RESULTS

Coprolite morphological terms include 15 types commonly
used in the coprolite literature. Neumayer (1904) coined the
terms amphipolar and heteropolar; Thulborn (1991) subse-
qguently initiated the use of isopolar and anisopolar as descrip-
tive terms for coprolite morphology. Of these 15 descriptive
terms, at least one of nine could be applied to the examined
Chinle specimens (Table 1). Most of the samples are incom-
plete and broken on one end, which makes some of the mor-
phological types difficult to distinguish. For example, deter-
mination of isopolar and anisopolar requires two complete
ends, but because the entire length of the coprolites did not
always remain intact, these types could not be interpreted.
Weathering also may have broken down surface morphology,
therefore this feature also could not be documented in some
samples.

L Coprolite sizes varied to some degree (Table 2) but with

more sampling a normal distribution might become more ap-

parent. Because the coprolites were mostly ellipsoidal and

cylindrical, circumference, diameter, radius, and length were

the most useful measurements to quantify. Specimens exam-

Ficure 1—Location of coprolite samples in Petrified Forest Memined have an average of 1t40.4 cm diameter, and lengths
ber, Chinle Formation, Petrified Forest National Park, Arizongange from 1-6 cm, although because most specimens are in-
“D.G.” indicates “Dying Grounds.” complete, these lengths represent minimum values.

Regularly-sized holes and connections between holes on
, , , some coprolites, examined through SEM, showed evidence of
th|ckes.t zones on coprqhtes and averagfad to give the appr Bbable coprophagy traces. Sample PEFO-14 (Figure 2a-b)
mate c_wcumference. Diameter and radu_were then (?alcula gved to be the best sample for the study of these regularly
from cm_:umference data. Length was incomplete in neagy]aped holes. With the SEM. 16 well-defined holes were
all specimens but measurements were taken for the sak@@hq ,red and analyzed. From these measurements diameters

comparison. ranged from 0.28 to 1.32 mm, with a mean of 9.3 mm.

About one-third of specimens showed regularly shapgg, o tionately, 38% of the holes are in the 0.7 mm range,

holes and connections between holes, hence scanning €l¢fizh jemonstrates a regularity in size that is probably at-

tron microscopy (SEM) was employed to better describe agh iap|e to a similar-sized tracemaker. Analysis of the holes
measure these features. Samples for SEM investigation WG, the SEM also showed tunneling and interconnections
washed with acetone, then vacuum-pumped dry and ggldie| 1o the coprolite surface, which suggest a trace made

coated with a Denton Vacuum DESK Il Cold Sputter/Etcfy, 5 jiying organism, as opposed to gas bubbles that might be
Unit. Once samples were coated with gold, they were placgd. J o +aq with decay of fecal material.
on the mounting stage in the SEM. The SEM, a Zeiss DSM-

962, was furnished by Fernbank Natural History Museum in TAPHONOMIC AND PALEOECOLOGIC SIGNIFICANCE
Atlanta, Georgia, for this portion of the study. The SEM al- OF CHINLE COPROLITES

prolites.  Carbon-coated coprolites were also examined (0] ;se digestion of animals with skeletons would leave bone
elemental analysis on the same unit. residues in the fecal matter (Thulborn, 1991). Bone matrix is
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Table 2 - Size data for coprolites from Petrified Forest Member, Childg any or all of four possible carnivorous tracemakers, indi-
Formation, PEFO, Arizona (n = 45). All sizes in centimetergated by body fossils found in PEFO: phytosaurs, metoposaurs,
Radius values calculated from diameter data (based on Circ‘iﬁ’éropods and rauisuchians (Parrish, 1989). An absence of
cross-sections from specimens). flattening that normally occurs with impact upon the open-air

Range Mean Standard deviation ground suggests that these coprolites were probably excreted
Circumference 2.4-8.27 4.4 13 into water (Waldman and Hopkins, 1970), favoring an aquatic
Diameter 0.76-2.63 14 0.4 habitat for the trace makers. The floodplain region could have
Radius 0.4-1.3 0.7 0.2

accommodated each of these inhabitants; metoposaurs and
phytosaurs were especially likely candidates because of their
aquatic life habits and the presumed deposition of fecal mate-
rigl in water (interpreted from the nonflattened specimens).
tosaurs or other herbivore tracemakers may have been re-

Length 1.0-6.1 2.7 1.2

very useful in fossilization because it provides minerals a

structure from which apatite can form. Herbivore scat ten onsible for the 7% of non-cylindrical coprolites, but no other

to contain larger quantities of undigested plant matter Whig id . o
) X i ! ther th h flects a herb .
will decay instead of fossilize (Chin et al., 1996), hence mostI ence ofher than shape refiects a herbivore ongin

coprolites are likely from carnivore tracemakers. Bone frag- CONCLUSIONS
ments in Chinle coprolites are evident, as well as localized From this study we show that it is possible to classify the
high concentrations of calcium and phosphorus (indicated PEFO coprolites into descriptive categories. Specifically, be-
elemental analysis on the SEM), which also indicates a cesuse the coprolites in this study showed many similar and
nivorous diet for most tracemakers. Furthermore, cylindricednsistent morphological attributes, they were possibly left by
morphology, observed in 93% of Chinle specimens, is als@nilar types of animals. The overwhelming percentage of
suggestive of meat-eating tracemakers. In modern terresigigindrical coprolites at least suggests similar intestinal work-
vertebrates, pellet-shaped scat is typically formed by herligs and diet, and other evidence, such as bone fragments and
vores, whereas cylindrical scat is more commonly left by catigh concentrations of calcium and phosphorus in some speci-
nivores (Halfpenny and Biesot, 1986). mens, reflect carnivorous tracemakers. None of the exam-

End morphology can also suggest other aspects of digeed coprolites was left by fish because none of them have
tion, such as how the anal sphincter of an animal may hageropolar markings, typical of fish feces; correlation with
worked. Feces with pinched ends may have been excratg@wn body fossils in PEFO thus points toward theropods,
from an animal with a stronger or faster-closing sphinctesiuisuchians, metoposaurs and phytosaurs as possible
muscle than those that produce feces with tapered ends. Geitemakers, with herbivorous aetosaurs as less likely candi-
strictions and bends could be incurred after exiting the bodates. Further study of Chinle coprolites in PEFO should bet-
but otherwise they suggest periodicity of peristalsis of the lange define tracemakers.
intestine. Parallel striations also characterize the large intes- Evidence of coprophagy in Chinle coprolites is reason-
tine but they imply striations on the internal surface of thghly conclusive because of the overall morphology and regu-
intestine. Because none of the coprolites exhibit heteropakgity of holes and tunnels evident in some specimens. More
striations, they can not be attributed to fish (Thulborn, 199%¢search is necessary to better delineate possible tracemakers
Irregular pits, as opposed to regularly shaped holes attribipifit insects, such as dipteran larvae, are a possibility. Fungal
able to coprophagy, may be a product of transportation of @@prophages, which would be evident through microrhizae,
prolitic material before final burial or holes produced whempresent an alternative explanation for tracemakers but the
bone fragments dislodged from the exterior of the coprolitgegularity and size of the traces argue against this interpreta-

Coprophagy traces have been rarely evaluated. GroowueA. If these traces are more persuasively shown as related to
discovered in an Eocene coprolite might be attributed to dupgect activity in vertebrate feces, they would be the oldest
beetles (Bradley, 1946). Chin and Gill (1996) evaluated a@ported such traces in the geologic record.
prophagy traces from Late Cretaceous coprolites and attrib-
uted them to dung beetles, but no coprophagy traces of any
kind have been reported from coprolites as old as Late Trias- We thank the PEFO personnel, who all deserve praise for
sic. Dung beetles are clearly too large as possible tracemak@®¥ cooperation and helpfulness during our visits to the park.
for burrows in the Chinle coprolites, but possible tracemake?r§M analyses were conducted at Fernbank Museum of Natu-
may have been dipteran larvae, such as those exemplified@yistory in Atlanta, Georgia, under the knowledgeable guid-
modern dung-eating flies (Petersen and Wiegert, 19g¥Ce of Christine Bean, an enthusiastic participant in our
Nilsson, 1983; Iwasa, 1984; Stevenson and Dindal, 19§Paleo-poop” research. We thank the three anonymous re-
Zhemchuzhina and Zvereva, 1989: Stoffolano et al., 1995'5ewers for their reading the manuscript and their positive
Fungal microrhizae are an alternative hypothesis for the trade§dback regarding the work. Lastly, we very much appreci-
but the regularity in size and interconnectiveness of the tragé@ the encouragement of Vincent Santucci, who helped the
are contrary to the size variation and randomness exhibifét®l publication of this paper to become a reality.
by microrhizal structures.

Coprolite makers most likely would have been represented
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DINOSAUR FOOTPRINTS IN THE BASAL NAVAJO SANDSTONE
(LOWER JURASSIC) AT PIPE SPRING NATIONAL MONUMENT,
NORTHWESTERN ARIZONA

ROGER J. CUFFEY, MARIA J. DI NARDO-MAGILTON, AND BRYAN J. HERZING
Department of Geosciences, 412 Deike Building
Pennsylvania State University, University Park, PA 16802

AssTrRACT—Three dinosaur footprints, representing a single trackway, were recently discovered on the mesa immediately west
from the visitor center at Pipe Spring National Monument, in the basal part of the thick Navajo Sandstone, dated previously as
Early Jurassic (Toarcian). Imperfect preservation and ichnotaxonomic splitting complicate their identification; they ssem clos

to several species &ubrontegmoderately large theropods) known from correlative parts of the East Coast Newark Supergroup.

INTRODUCTION

DINOSAUR rooTPrINTShave long been known from early Me
sozoic sandstones across the Colorado Plateau, frequently
mentioned, but seldom fully documented. An early photo-
graph was provided by Gregory (1917), a partial listing of
later finds by Stokes (1978).
Until recently, fossils of this kind had not been reported
from Pipe Spring National Monument. Then, Stokes (1988)
published a photograph showing a detached or float cast of a
footprint on display there. That picture attracted attention
(Santucci, 1991), and R. J. Cuffey visited Pipe Spring in 1995.
Park Service personnel on duty told him of a couple of foot-
prints along the hiking trail. Cuffey located those, side by
side, and found a third out in front of them; a preliminary
note announced these footprints (Cuffey, Di Nardo, and
Herzing, 1997), which are illustrated in the present paper.
Pipe Spring National Monument is primarily a memoridficure 1—South face of the mesa at Pipe Spring National Monu-
to late-19th-century cattle ranching, but also includes signifi-mentv west of the visitor center. The dinosaur footprints are on

. . . : . top of the low bench extending eastward from the high mass of the
ZZB: ?gg:gﬁ:tsresources, including the newly discovered dmomesa. Upper half of the mesa is light-colored Navajo Sandstone,

the dark-colored thinner sandstone cliff in the middle of the mesa
LOCATION is the Kayenta, and the covered slope forming the lower half of
the mesa buries various lower stratigraphic units (particularly

Pipe Spring National Monument is located in Mohave within the Moenave).

County, on the
Kaibab-Paiute Indian Reservation, 13.4 mi (21.4 km) west

of Fredonia. Its visitor center is about a third of a mile north ) ] )

of the east-west paved highway (Arizona 389). The footprints 1h€ footprints are preserved in orange-red or light or-

are along the foot trail up onto the mesa’s top, at 5080 f880¢: concave-upward cross-bedded, medium to coarse, quartz

elevation, above and behind the visitor center, 0.2 mi (§gndstone, 6 ft (2 m) above the base of the Navajo Sandstone,

km) N35°W from that center. The footprints are in the Nw£f Which roughly 500 ft (160 m) more is exposed higher on

4 SE1/4 SE1/4 sec. 17, T.40 N., R.4 W., Pipe Spring 7 &g mesa to the west. The Navajo is a classic eolian dune or
quadrangle. ’ ' ' erg sandstone, and previous investigations nearby have dated

it as comparatively high in the Lower Jurassic, specifically
STRATIGRAPHY Toarcian or about 180-185 million years old.

The southern face (Figure 1) of the mesa west of the visi- The base of the Navajo is easily recognized by the color
tor center consists of a lower red covered slope (presumatiytrast with the underlying dark red or red-brown, flat or
Moenave), a thin middle dark red sandstone cliff (Kayentdiorizontal-bedded, medium to coarse, quartz sandstone, of
and a high-standing thick cap of light orange to tan sandstaevid@ch only about 10 ft (3 m) is exposed along the trail but up
(Navajo). These sandstones are part of the widespread Geh0O ft (30 m) is visible in the mesa face to the west.
Canyon Group. The low flat plain on which the highway runs Originally thought (as shown on one of the trailside
is apparently underlain by the Chinle (Upper Triassic).  plaques) to be part of the Chinle Formation, this dark red sand-
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and thus prevent precise identification. Moreover, previous
ichnotaxonomists have finely split footprint species elsewhere,
with only the most subtle differences discriminating them.

Several species (possibly all synonymouskobrontes
known from Early Jurassic parts of the Newark Supergroup
on the East Coast (Haubold, 1986) could be reasonable possi-
bilities for the Pipe Spring footprintsE. approximatusE.
divaricatus E. giganteusE. platypus or E. tuberatus And,
Eubronteshas now been reported from the Colorado Plateau
sandstones generally (Lockley and Hunt, 1994).

Eubronteswas the track of a moderately large theropod
dinosaur, a bipedal carnivore, probably a carnosaur and per-
haps a megalosaurid more specifically, although other
taxinomic affinities might be suggested. It is known from
fossilized footprints only (i.e., is an ichnogenus), rather than
skeletal remains.

Ficure 2—Overview of the footprint site on the Pipe Spring mesa; RECOMMENDATIONS

the pair of footprints are on the gently right-dipping bedrock sur- Several steps should be taken to protect the Pipe Spring

face immediately to the left of the solitary bush in the center of tﬂg tprints and enhance their value to the visiting public. An

hotograph; facing north from the steps and bend in the trail as'i . . . L
Eomeg ué)on top gf the mesa (see tegt) appropriate exhibit could be constructed in the visitor center,

including the detached specimen photographed by Stokes
(1988), and featuring photographs of the in-place footprints

stone is instead the Kayenta. Carefully considering the (%@_along the hiking trail, as well as drawings of the dinosaurs

. . . r%constructed as in life. The actual footprints can be marked
served dips and flexures in the mesa face, coupled with pubz : .
with a suitable plaque and surrounded by a protective fence or

lished thicknesses and regional stratigraphic variations, per-. : N .
. e ; . . . railing, which would permit viewing but prevent trampling.
mitted clarification of the Pipe Spring units. Particularly help: .
one-page handout or map might be passed out at the center
ful were papers by Blakey (1994), Clark and Fastovsky (1986), ! ) - o
. to’help guide hikers to the footprints themselves. The trailside
Peterson (1994), and Wilson (1967). ; o
plague en route up should be corrected to read “Kayenta” in-

FOOTPRINTS stead of “Chinle” formation terminology. Finally, the bed-
The foot trail switchbacks up the steep slope forming theck bedding-plane surfaces around the three in-place foot-
south face of the mesa behind the visitors’ center and the 19tints should be carefully searched for additional dinosaur
century buildings. It ascends through dark red sandstoii@sks, which — if any more are found — should be incorpo-
(topmost Kayenta), and then climbs, via several rock-cut stefgged into the site as well.
up a small vertical cliff in light orange sandstones (basal Na- ACKNOWLEDGMENTS
vajo), comes up onto the mesa’s upper surface, and turns : .
. S Several seasonal and volunteer personnel at Pipe Spring
sharply left or west. The footprints lie directly ahead or north_ . )
. National Monument, supervised overall by Andrea
of those steps, 10-12 ft (3-4 m), off on the side of the trai . . e -
trn (Figure 2). ornemeier, greatly_ aided R. J. Cuffey’s field examination of
Two of the footprints are side by side (Figure 3A), aboERe dinosaur footprints.
half a meter apart, with the heel of the left one (Figure 3C) REFERENCES
even with the tip of the middle toe of the right one (Figumaev, R. C. 1994. Paleogeographic and tectonic controls on some
3D). The third (Figure 3B) is isolated, 8 ft (2.7 m) ahead, and Lower and Middle Jurassic erg deposits, Colorado Plateau. Pp.
approximately on line enough to be part of the same trackway. 273-285 in M. V. Caputo, J. A. Peterson, and K. J. Franczyk,
All are shallow depressions on the exposed bedding-plane €ds. Mesozoic Systems of the Rocky Mountain Region, USA.
surfaces in the sandstone bedrock. The right footprint (Fig- Denver, Rocky Mountain Section SEPM. _ _
ure 3D) is the best preserved of the three, is three-toed (trio(gféf"(h‘]' '\f/'{hANZ:D ' Eé F“STOVS&';Y' 1986. \iﬁrtebr:t_e b|ostr2t|gr2aé5
tyl), 30 cm long from toe-tip to heel, and as wide between the phy ot e 5len Lanyon >roup in northern Anzona. Fp. §

| | . M detail Id be desirable. b 301 in K. Padian, ed., The Beginning of the Age of Dinosaurs.
two lateral toes’ tips. More details would be desirable, but are Cambridge, Cambridge University Press.

not preserved clearly. Currey, R. J., M. J. DNarDO, AND B. J. Hrzing. 1997. Dinosaur
The float cast specimen (Stokes, 1988) appears much the footprints in place in the basal Navajo Sandstone (Lower Juras-
same, from his published photograph. sic) at Pipe Spring National Monument (northwestern Arizona).
Geological Society of America, Abstracts with Programs,
IDENTIFICATION 20(6):A-104.

As evident in the accompanying photographs, the ex@cory, H. E. 1917. Geology of the Navajo country. U. S. Geo-
outlines of the footprints are obscure, difficult to determine, logical Survey, Professional Paper 93:1-161.
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Ficure 3—Dinosaur footprints (probably a speciestafbronte$ in place in Pipe Spring National Monument (see text for exact location);
pen is 15 cm longA, left and right footprints togetheB, isolated footprint.C, left footprint. D, right footprint.

HaueoLp, H. 1986. Archosaur footprints at the terrestrial Triassic- terior Basin. Pp. 233-265 in M. V. Caputo, J. A. Peterson, and
Jurassic transition. Pp. 189-200 in K. Padian, ed. The Begin- K. J. Franczyk, eds. Mesozoic Systems of the Rocky Mountain
ning of the Age of Dinosaurs. Cambridge, Cambridge Univer- Region, USA. Denver, Rocky Mountain Section SEPM.

sity Press. Santucel, V. 1991. Pipe Springs[sic] tracks. Park Paleontology:
LockLey, M. G.,anD A. P. Hunt. 1994. A review of Mesozoic verte- Fossil Resources in the NPS, 1:1(Fall), 6p.
brate ichnofaunas of the Western Interior United States: E@rokes, W. L. 1978. Animal tracks in the Navajo-Nugget Sand-
dence and implications of a superior track record. Pp. 95-103 stone. University of Wyoming, Contributions to Geology, 16:103-
in M. V. Caputo, J. A. Peterson, and K. J. Franczyk, eds. Meso- 107.
zoic Systems of the Rocky Mountain Region, USA. Denve$rokes, W. L. 1988. Dinosaur Tour Book. Salt Lake City, Starstone
Rocky Mountain Section SEPM. Publishing Company. 64 pp.
Peterson F. 1994. Sand dunes, sabkhas, streams, and shallow s&ason, R. F. 1967. Whitmore Point, a new member of the Moenave
Jurassic paleogeography in the southern part of the Western In- Formation in Utah and Arizona. Plateau 40:29-39.



EARLY DISCOVERIES OF DINOSAURS FROM NORTH AMERICA AND
THE SIGNIFICANCE OF THE SPRINGFIELD ARMORY DINOSAUR SITE

VINCENT L. SANTUCCI
National Park Service, P.O. Box 592, Kemmerer, WY 83101

AssTrRACT—Prior to the “Great American Dinosaur Rush” during the late 1800s, there were relatively few dinosaur sites
recorded in North Americadadrosaurus foulkiis recognized as the first articulated dinosaur collected, described and
displayed in the New World. Most of the early discoveries consist of the fossil trackways from the Connecticut Valley and few
partial dinosaur skeletons. The type specimen of the prosauropod diAosaisaurus polyzelus recognized as one of the
earliest dinosaur discoveries in North America. The fossil bonAsdfisaurusvere uncovered during a blasting operation at

the armory in Springfield, Massachusetts in the early 1800s. The excavation at this site is an important record in the early
history of the science of dinosaur paleontology in North America.

the transverse processes, and more nearly to those of the croco-

. _ . diles than any other.” (Wyman, 1855). The specimen was
p'OR 7o the 1870s and the “Great Era of Dinosaur DisCOW;te identified as dinosaurian and namethisaurus colurus
e

1" eries” there is a limited history for dinosaur paleontology | 1912). The latest reference to the Ketch’s Mills speci-
in North Ame_zrlca. Relatlvel_y few gll_nosaur specimens Wegon py Peter Galton (1976), recognizes the remains as
recovered prior to the American Civil War. There appearﬁgosauropod and reassigns the taxonomic identity as
to be a general lack of interest in the petrifications of ancief -hisaurus polyzelus
life during the first half of the 19th century. The description  1g30_A skeleton from New Jerseyn the late 1830s, a
and naming of the dinosaur remains often came long aifefia|ly articulated dinosaur skeleton was uncovered in a marl
their discovery. pit near West Haddonfield, New Jersey. These fossil bones
EARLY DISCIVERIES OF DINOSAURS IN NORTH AMERICA were later excavated during 1858 under the direction of Pro-

1802—Dinosaur footprints—In 1802, Pliny Moody, a stu- fessor Joseph Leidy from the Academy of Natural Sciences in

dent at Williams College, found the footprint impressions neafiladelphia. The specimen, preserved in the Late Cretaceous

Moody’s Corner, his South Hadley, Massachusetts, farmstejpodbury Formation, was described by Leidy and assigned

During this time these trackways were referred to as befi§ hameHadrosaurus foulki(Leidy, 1858). This type speci-

made by “Noah’s Raven” and were generally regarded as B&n Was assembled as a free-standing mount at the Philadel-

sociated with gigantic birds. The tracks were not recognizZBi2 Academy of Sciences and represents the first time that a
as dinosaurian until after 1860. dinosaur had been portrayed standing upright in a bipedal

The high concentration of fossil tracks were later discowt@Nce: _
ered throughout the Connecticut Valley and studied by Amherst 1855-Dinosaurs from the westin 1855, members of &
College Professor Edward Hitchcock. Extensive descriptich@Vernment survey in the western territories, under Dr.

of the tracks were published in “A report on the Sandstonef@rdinand Hayden, discovered a number of fossilized bones

the Connecticut Valley especially its Fossil Footmarks.2"d t€eth. In Nebraska Territory, the Hayden party found a

(Hitchcock, 1858). Subsequent work by other paleontologif$Sil o€ bone and some vertebrae. In Montana Territory,
associated the tracks with dinosaurs. near the confluence of the Judith and Missouri rivers, a few

1818—Dinosaur bones from ConnecticuThe earliest f0ssil reptile teeth were collected by the survey team. The

discovery and collection of dinosaurian remains in NorffPecimens were sent to Leidy and his descriptions of this ma-
America occurred in 1818 (Galton, 1976). During the b|a§gr|§il represent the first dinosaurs named in North America
ing of a well near Ketch’s Mills, in East Windsor, Connectf-€idy, 1856).

cut, fossilized bone fragments were discovered by Solomon THE SPRINGFIELD ARMORY DINOSAUR SITE

Ellsworth, Jr. in the Late Triassic red sandstones. Ellsworth Despite the abundance of fossilized tracks in the Con-

gave the bope; to Professors Smith, Ives and K_nlght, of ik ticut Valley, there is a relative rarity of fossil bones within
Med',c"’_‘l, Institution of Yale College, who all admlt.ted, ‘th&he same deposits. In addition to the dinosaur bones collected
possibility that they might be human bones, but did not cogy ketch's Mills, fossilized bones of an early Jurassic dino-
sider th_e specimens as suffllc:lently distinct to form the basisQfr were also collected, during the early nineteenth century,
a certain concluspn.", (Smith, 18,20)' i from a site located in the National Armory in Springfield,

_ The Ketch's Mills bone material was recognized as réRrassachusetts. This site is now administered by the National
tilian by Professor Jeffries Wyman in 1855. Wyman describpd i service as Springfield Armory National Historic Site.

one.of the fogsil _bones as, “.. a caudal vertebrae of a Saurian-rhe Springfield bones were discovered by William Smith
reptile, to which it corresponds in the shape of the body, and

INTRODUCTION
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during blasting related to some improvements at the “water
shops” of the United States armory (Figure 1). The fossils
were found at Mill Pond during the construction project. The
actual date on which the bones were collected remains un-
known, but the earliest reports indicate a date prior to 1856.
A large portion of the fossilized remains were taken away by
the workmen before Smith intervened. Armory superinten-
dent General Whitney ordered the fossil specimens to be re-
examined. Smith recovered as much material as possible and
presented it to Professor Edward Hitchcock. According to
Hitchcock (1858), the fossil remains from Springfield Armory
were entirely replaced by a “carbonate of lime”. Ficure 1—Late 1800s magazine illustration of the Springfield Ar-
Hitchcock eventually sent the fossil bones to Professommory Watershop main gate. Dinosaur bones were discovered dur-
Jeffries Wyman for examination. Wyman provided the fol- ing the construction of this building.
lowing reply dated January 21, 1857:
“With regard to the bones, | think that there can be no
guestion that they are those of a reptile. This is shown by the
configuration of the head, small trochanter, and a part of tweGalton (1976). The Springfield Armory specimen consists
shaft of a thigh bone, as well as by the imperfect caudal vedéthe following elements:
brae; these last, however, are deficient in the concavo-convex 11 vertebrae (including dorsal and caudal);
bodies which are found in all scaly reptiles except the, right manus:
Enaliosaurians. Those from the sandstone are flat, or nearly
so, on the ends, as in the Mammalia. The most remarkable ) b
feature, however, of the whole collection, is that of hollow- * 1€ft femur & proximal end of left tibia;
ness. This is carried so far, that but for the indications re® left fibula & pes;
ferred to, they might be referred to birds. Every bone excepé 2 ischia.
the vertebrae, and perhaps the small phalanges, is hollow.
Nothing of the kind is known in Mammalia. Among reptiles
the Pterodactyle had hollow bones, and some of them were In 1971, Dr. John Ostrom from Yale University was con-
referred, by Professor (Richard) Owen, to birds; but he sub@cted by the National Park Service to produce a publication
quently corrected his opinion. . .". titled, “Report to the National Park Service on Mesozoic Ver-
According to paleontologist Walter Coombs, “the discoy€brate Paleontological Sites for Possible Inclusion in the Reg-
ery of the Springfield Armory bones seemed to have aroudglly of Natural Landmarks” (Ostrom, 1971).
little or no public interest and it is doubtful there are more The objectives of Ostrom’s study included: 1) Compilation
detailed accounts of the circumstances of their discoveryohan inventory of important Mesozoic paleontological sites,
contemporary local newspapers.” During the mid-1800s tparticularly of dinosaurs and Mesozoic mammals; 2) Analy-
concept “dinosaur” was in its infancy. There is no indicatidies of those sites that are considered of unusual significance
from Hitchcock’s writings that he associated this skeleton @hd potentially eligible for designation as a Natural Land-
any of the tracks he studied with dinosaurs. Likewise, it r@ark; and, 3) Recommendation of sites for inclusion in the
mains uncertain whether Hitchcock ever read about or eVéational Register of Natural Landmarks.
knew the word “dinosaur” (Coombs, pers.comm., 1998). In his report, Ostrom recognized the historic and scien-
tific significance of the Springfield Armory dinosaur site and
identified the remains cAnchisaurus polyzeluss one of the
The fossil remains from Springfield Armory were origiearliest recognized fossil vertebrate remains from the Meso-
nally described by Wyman (in Hitchcock, 1858) but he did n@bic of New England. This specimen also represents one of

name the specimen. Hitchcock (1865) later named the sp@gé earliest dinosaurs collected and reported in the New World.
men Megadactyluspolyzelusbased on comments given by

Richard Owen. Taxonomic revisions led to the specimen be-
ing reassigned as the type specimeAméhisaurus polyzelus Thanks to John Ostrom for his over thirty years of contribu-
(Marsh, 1885). tions promoting paleontology in the National Parks. Addi-

The Anchisaurus polyzeluspecimen from Springfield Ar- tional thanks extended to Walter Coombs, John Mcintosh,
mory was collected from the early Jurassic Newark Seriéépda Thomas, James Roberts, Andrew Stanton, Bianca
Longmeadow Sandstone. The specimen is curated into $@tucci and Lindsay McClelland for suggestions and review
Vertebrate Paleontology Collection of the Pratt Museum ©f this manuscript.
Natural History at Amherst College (catalog number is ACM REFERENCES
41109). The most recent and detailed description of the Spri

field A Anchi vzel . . ¢ (?'ng:TON, P. M. 1976. Prosauropod Dinosaurs (Reptilia: Saurischia)
ield Armory Anchisaurugpolyzelugype specimen is presente of North America. Postilla, 169: 1-98.

distal ends of right radius & ulna;

OSTROM S REPORTTO THE NPS

THE SPRINGFIELD DINOSAUR SPECIMEN
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TRILOBITE MASS EXTINCTION EVENT AT THE BOUNDARY
OF THEELVINIAAND TAENICEPHALUSIOZONES,
YELLOWSTONE NATIONAL PARK

MATTHEW R. SALTZMAN
Department of Earth and Space Sciences, University of California,
Los Angeles, California 90095-1567

AssTtracT—EVidence for placement of an Upper Cambrian extinction horizon in the southern Gallatin Range, northwestern corner
of Yellowstone National Park, provides a datum that can be used to correlate mixed carbonate-siliciclastic strata with other
fossiliferous sections in Wyoming and throughout North America. The extinction event is defined biostratigraphically by the
transition between thElvinia and TaenicephaluZones of the standard North American trilobite zonation. It is also marked
chemostratigraphically by a shift in carbon-isotoF€12C) ratios. Thus, both biostratigraphic horizons and carbon-isotopic data
have been utilized to constrain the position of the biomere boundary in Yellowstone. Correlation with exposures of similar-age
strata on the Buffalo Plateau in north-central Yellowstone and the northeast corner of the park reveal that major changes in
paleogeography in Wyoming accompanied the world-wide extinction event. In particular, a healthy shallow-water carbonate
factory duringelviniaZone time is drowned and replaced by a lower-sedimentation-rate regime that characteriZadréagghalus

Zone time, likely reflecting a rise in sea levels across the extinction event. Further work aimed at better paleontalogic char
ization of these fossiliferous carbonate rocks in Yellowstone will provide a clearer picture of the significance of these resul

terrestrial heating and extraterrestrial impact (Palmer, 1984)
INTRODUCTION

) o and thus some combination of earth-bound causes seems most
THE Upper Cambrian of North America is punctuated b}.‘)lausible.

three sharply defined mass extinction horizons which ap- - gjgnificant changes in the pattern of sedimentation across

pear to represent isochronous surfaces (Palmer, 1984). Tl@¥ere houndaries provide important clues that may be used
separate iterative evolutionary sequences in the history of nfiea sify hypotheses of the extinctions. This is because facies

agnostid trilobit.es and are known.as biomeres (which are g§anges observed in vertical stratigraphic sections must re-
sentially stages; see Palmer, 1984; and Westrop and LudvigggRy |ocal or regional changes in climate, sea level, subsid-

1987, for discussion). At least two of the trilobite mass eXrce and sediment supply. The focus of this paper is the na-

tinctions can be recognized in exposures in Yellowstone Ngre of sedimentation patterns across the extinction events that
tional Park. Current hypotheses put forth to explain the X3k the boundaries of the Pterocephaliid biomere in
tinctions mclpde marine cooling, anoxia (Palmgr, 19,84)' Mallowstone and immediately surrounding areas. Saltzman
rine regression (Lochman-Balk, 1971), and biofacies shifl 5| (1995) revealed significant facies changes across the
during transgression (Westrop and Ludvigsen, 1987). Préyjuocephaliid-Ptychaspid biomere boundary in northwestern
ous hypotheses that lack supporting evidence include eXVWoming. Deiss (1936), Grant (1965), and Ruppel (1972)
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Ficure 1—Upper Cambrian locality map in the northwestern Wyoming area. Localities mentioned in the text include: CF = Clark Fork; SL
= Swamp Lake; FX = Fox Creek; YO = Wyoming Creek; BP = Buffalo Plateau; MC = Mill Creek; TR = Three Rivers Peak. Inset showing
generalized Late Cambrian facies map after Saltzman et al.(1995).

have also studied these deposits at various levels of res@®65; Ruppel, 1972). This unit is abruptly overlain by the
tion. The primary objectives of this contribution are to: (Ipcessive Dry Creek Shale which grades into the carbonates
develop a paleogeographic framework for strata depositecbinthe Snowy Range (Open Door) Formation. The
Yellowstone National Park; and (2) integrate newly acquiréterocephaliid-Ptychaspid biomere boundary, corresponding
biostratigraphic and chemostratigraphic data to better canthe transition between tBdviniaandTaenicephalugones,
strain the timing of significant stratal surfaces. occurs within the Snowy Range (Open Door) Formation.
Upper Cambrian strata are unconformably overlain by Middle

] _ Ordovician strata in Yellowstone.
The Sauk transgression reached northwest Wyoming by

Middle Cambrian time in response to a combination of eustatic LITHOFACIES ASSOCIATIONS

sea-level rise and flexural bending of the cratonal edge. This Two sections of mixed carbonate-siliciclastic strata were
initial transgression was marked by deposition of coarse claxyged for this study in Yellowstone National Park (Figure 1)
tic sediments of the Flathead Sandstone over PrecambaaiThree Rivers Peak and on the Buffalo Plateau. The sec-
basement rocks. Subsequent deposition is characterizedidnys represent two distinct mappable units: (1) a succession
large-scale alternations of fine-grained siliciclastic and caf thrombolite boundstone, shale and flat-pebble conglomer-
bonate strata. In Yellowstone National Park, the base of #te on the Buffalo Plateau which is similar to the Snowy Range
Pterocephaliid biomere is within the uppermost beds of tRermation recognized by Grant (1965) in the Cooke City re-
massive cliff-forming Pilgrim Limestone (Deiss, 1936; Grangion; and (2) a succession of calcarenite, shale and lime mud-

GEOLOGIC FRAMEWORK
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at Three Rivers Peak is interpreted to reflect a relative rise in
sea level. This is consistent with the pattern observed during
this time period elsewhere (Osleger and Read, 1993; Saltzman
et al., 1995). The section is however, unique in the presence
of a brecciated olistostrome bed between the quartz sandstone
and cherty wackestone. This bed may have formed as a result
of a short-term, rapid sea-level fall that exposed the carbonate
platform or, alternatively, may have formed in response to a
seismic event that fractured the platform. The evidence for
the drowning of the carbonate platform at the Buffalo Plateau
locality is consistent with a tectonic event associated with a
eustatic rise in sea levels rather than exposure of the carbon-
ate platform in northwestern Wyoming. Nonetheless, the pa-
leogeographic and bathymetric significance of the Three Riv-
ers Peak breccia remains unclear at this time and future field
and petrographic work is planned.

PALEONTOLOGY

At Three Rivers Peak, trilobites assigned as cf.
Pterocephaliasp. occur at the top of the brecciated olistostrome
bed. This species marks the presence oftthinia Zone.
Grant (1965) found specimens lofhnarssonella girtyiand
Dellea suadawhich mark the presence of thdvinia Zone
several kilometers away at Crowfoot Ridge. Two meters above
the Pterocephaliasp. horizon at Three Rivers Peak, trilobites
assigned tdaenicephalus shumardiark theTaenicephalus
Zone. Grant (1965) collected specimensTaénicephalus
shumardi one meter abovElvinia Zone trilobites at Crow-
foot Ridge. No trilobtes have yet been found on the Buffalo
Plateau, although trilobite taxa found at similar sections in
the nearby Cooke City area (Fox Creek, Swamp Lake, Wyo-
ming Creek, Mill Creek and Clark Fork) indicate the pres-
ence of theElvinia andTaenicephalugones.

CARBON-ISOTOPE STRATIGRAPHY

Ficure 2—Measured section of Upper Cambrian rocks from Three Changes in the BC of limestones across the
Rivers Peak section in Yellowstone National Park (TR in Fig. Ipterocephaliid-Ptychaspid biomere boundary potentially pro-
Stages and trilobite zones indicate¢’Cddata measured in pervide a means of correlation, independent of biostratigraphy.
mil relative to PDB scale. Carbonate samples from Three Rivers Peak were analyzed for

stable-isotope ratios. Homogeneous micrite identified in thin
section was microsampled from polished slabs by using a mi-
stone at Three Rivers Peak which is similar to the Open D%scope-mounted drill assembly. Care was taken to sample

Formation studied by Shaw and Deland (1955) further to thcrite with no visible cements or skeletal grains, although

south in the Gros Ventre, Teton and Wind River Ranges. Thgse, of the samples contain sparry calcite or skeletal mate-

Snowy Range Formation is generally poorly exposed on g sample preparation procedures and analytical error are

flanks of the Beartooth uplift, where it overlies the cliff-formgiscussed further in Saltzman et al. (1995).

ing Pilgrim Limestone o€repicephalusind earlyAphelaspis The d13C stratigraphic profile for sections in the Gros

Zone age. In marked contrast, deposits of the Open Deghtre and Wind River Ranges were presented in Saltzman et

Formation are spectacularly exposed in the Gallatin Rangg.(1995), along with profiles from two sections in the Great

It should be noted however, that the Three Rivers Peak striigsin. These profiles reveal a positive shift ¥$@l across

although grouped with the Open Door succession, does diigg pterocephaliid-Ptychaspid biomere boundary. € d

from the general pattern in that it contains anomalous bedg@tigraphic profiles for the Three Rivers Peak section is pre-

quartz sandstone at the base, a ~1-meter-thick brecciajgflted in Figure 2. The highed8@ ratios recorded at Three
olistostrome bed in the middle and abundant chert in the Wgyers Peak are in tHeaenicephaluZone, consistent with

per wackestone unit (Figure 2). earlier studies of this trilobite zone. In addition, the most

SEQUENCE STRATIGRAPHY negative values occur at the biomere boundamingella

The change from quartz sandstone to a cherty wackestBHa°" zone).
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These results are consistent with the biostratigraphic cgenerous use of his Stable Isotope Laboratory at the Univer-
trols at Three Rivers Peak and suggest that the extinction esttigtof Michigan, Ann Arbor.Thanks also to A.R. Palmer for
was associated with changes in carbon cycling (Saltzmarhelp in critical fossil identifications and Bob Lindstrom for
al., 1995). In particular, it seems that the burial ratio of dnelp with obtaining permission to collect rock samples and
ganic carbon to carbonate carbon was increased following ftiehelp in the field.
extinction. This may have occurred as a result of increased

nutrient fluxes to the surface oceans during sea level rise E%S C. 1936. Revision of type Cambrian formations and sections

subsequent increases in primary production. The significance of Montana and Yellowstone National Park. Geological Society
of the minima at or near the extinction event is unclear. Ei- of America Bulletin, 47:1257-1342.

ther there was a sudden decrease in primary productivity ¢Rant, R.E. 1965. Faunas and stratigraphy of the Snowy Range
lated to initial toxicity of upwelling waters, or a sea-level  Formation, southwestern Montana and northwestern Wyoming.
change led to increased erosion of isotopically light organic Geological Society of America Memoir 96. 171 p.
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LATE JURASSIC ECOSYSTEM RECONSTRUCTION IN THE
WESTERN INTERIOR OF THE UNITED STATES

CHRISTINE E. TURNER:ND FRED PETERSON
U.S. Geological Survey, Box 25046, MS-939, Denver, CO 80225.
And the Morrison Research Team (contact through above address):
D.J. Chure, T.M. Demko, S.P. Dunagan, D.D. Ekart, G.F. Engelmann,
E. Evanoff, A. Fiorillo, S.C. Good, S.T. Hasiotis, B.J. Kowallis, R.J. Litwin,
D.L. Newell, M.E. Schudack, and G.L. Skipp.

AssTtracT—Interdisciplinary studies of the Late Jurassic Morrison Formation throughout the Western Interior have resulted in
reconstruction of the extinct ecosystem inhabited by the largest herbivores that ever roamed the earth. The ecosystem within t
Morrison depositional basin was governed in large part by a rain shadow that developed in the lee of the mountainous uplands to
the west, which greatly influenced the availability of fresh surface and near-surface water in the depositional basin. Isotopi
analyses of fossil soil nodules in the Morrison depositional basin confirm the rain-shadow effect of the uplands to Tieewest.
upland regions captured moisture from the westerly winds and some of this precipitation fed streams that flowed eastward across
the alluvial plain and also fed underground aquifers that controlled the water table beneath the alluvial plain. Windwblown sa
evaporites, development of a large saline, alkaline lake, together with evidence from the flora, fauna, and trace fatstssugge

fresh surface water may have been scarce during Morrison deposition.

Local presence of unionid clams in some stream beds indicate that at least these streams were perennial in nature because the
larval stage of unionid clams attaches onto the gills of fish, which only live in perennial streams. Crayfish burrowsrtimat occ

beds adjacent to stream channels offer clues to the nature of some of the streams as well, because crayfish must buthew down to
water table to survive. Crayfish burrows that extend downward into sandstone near the stream channels in the Morrison indicate
that the water table was below the level of the stream, a condition consistent with effluent streams where the stredng are feed
the water table. This situation is consistent with streams that develop in a semi-arid to arid climate.

Taken together, the evidence from the sedimentology, isotopic studies, body fossils, and trace fossils suggests tha¢ some of th
Morrison streams were probably perennial but that many were probably ephemeral and may have experienced substream flow,
resulting in the availability of surface water in the form of water holes much of the time. Streams that were pererumie] in nat
such as the deposits that contain the abundant dinosaur remains in the quarry sandstone bed at Dinosaur National Monument,
Utah, may thus have been the exception rather than the rule, accounting for the concentration of dinosaur skeletonaurbhe dinos
may have been congregating close to the last reliable stream during a major drought.

gist-in-the-Park) program, one of the principal investigators
] ) ) o (Fred Peterson) will distill the scientific findings and prepare
THE Morrison Extinct Ecosystem Project is a joint NPSz |ass technical publication for the lay public.

USGS-funded interdisciplinary study to reconstruct the 114 multidisciplinary approach allowed us to study vari-
Late Jurassic predominantly terrestrial ecosystem throughgyk aspects of the rock and biostratigraphic record for the
the Western Interior during deposition of the Morrison FOfqrison Formation, with various lines of evidence leading
mation. This colorful formation is known worldwide for thg, 5 jntegrated picture. The investigations included studies
skeletons of large dinosaurs, especially the giant sauropQfiSyegional tectonics, regional stratigraphic framework, ra-
that have been recovered from it and displayed in many Mug@inetric and paleontologic dating, sedimentology, paleosols
ums throughout the world. The formation is exposed in magyqgi| soils), dinosaur biostratigraphy, trace fossils, taphonomy
NPS units including Arches NP, Bighorn Canyon NRA, Bladi o cesses that occur between the death of an organism and
Canyon of the Gunnison NM, Capitol Reef NP, Colorado NMjsqyery as a fossil or trace fossil), microfossils, invertebrates,
Curecanti NRA, Devils Tower NM, Dinosaur NM, Glaciegmaier vertebrates, and isotopic analysis of teeth and paleosol
NP, Glen Canyon NRA, Hovenweep NM, Wind Cave NP, anghyjes. ntegration of data from the various studies is result-
Yellowstone NP, as well as the newly designated Grand St@dls i one of the most complete understandings of an ancient

INTRODUCTION

case-Escalante NM managed by the BLM. continental ecosystem.
The goals of the project were to (1) apply modern research
techniques that would yield an improved understanding of the GEOLOGICAL SETTING

habitat that existed when the Late Jurassic dinosaurs roamedEleven named members are currently recognized in the
the western U.S., which, in turn, would (2) help land manalgtorrison (Szigeti and Fox, 1981; Peterson, 1994; O’Sullivan,

ers make science-based decisions in resource managend®87), and all but two are restricted to the Colorado Plateau.
and (3) improve NPS interpretive programs. Most of the r&nother closely related formation that correlates with the lower
sults are included in technical reports published in the scigart of the Morrison is the Ralston Creek Formation in the
tific literature and in administrative reports submitted to theront Range foothills west of Denver (Peterson and Turner, in
NPS. In addition, under the auspices of the NPS-GIP (Gegboess). For simplicity the formation is here divided into up-
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per and lower parts that are separated by a conspicuous diffesntana and on into Alberta, Canada, and it may have origi-
ence in clay mineralogy, although other lithologies are aleally extended much farther east, as some beds of possible
present and may predominate in each part. Clay mineralé.ate Jurassic age in lowa (Cody and others, 1996) and Michi-
the lower part consist dominantly of non-swelling typegan suggest. Streams originating in the highlands flowed
whereas clay minerals in the upper part consist dominantlyeafstward, carrying their bedload of sand and gravel onto the
swelling (smectitic) types. The change in clay mineralogggrading Morrison alluvial plain (Turner-Peterson, 1986,
reflects the dramatic increase in altered volcanic ash that Waterson, 1994).
incorporated in the sediments (Turner and Fishman, 1991). Westerly to southwesterly winds (Peterson, 1988) im-
The increased volcanic component indicates increased volgrged on the mountain range that lay to the west of the
nism in the volcanic arc that lay off to the west. The chanlyrrison depositional basin, which left much of the basin in
in clay mineralogy occurs as far north as northern Wyomiagain shadow, as shown by isotopic analyses of carbonate soil
but is not present in Montana or the Black Hills of northeastedules (Ekart and Cerling, 1997). The rain-shadow effect
ern Wyoming and western South Dakota where all the clayas responsible for the dry climate that prevailed throughout
in the formation are of the non-swelling type. Where presentpst of Morrison deposition. For most of the time, the cli-
the change in clay mineralogy constitutes a convenient markeate in this area was semiarid or perhaps even arid in places,
horizon that is of considerably value for correlation purposes indicated by deposits of bedded gypsum, which forms un-
About 6-15 m (20-50 ft) below the clay change is a fairlger highly evaporative conditions; windblown sandstone de-
persistent paleosol (or closely spaced series of paleosols) flusits; magadi-type chert (indicative of highly alkaline lake
also is fairly widespread and ultimately may prove to be amaters; Dunagan and others, 1997); and saline, alkaline lake
other excellent marker horizon near the middle of the formtaeds (Turner and Fishman, 1991). There may have been some-
tion (Demko and others, 1996). Interestingly, although dinehat wetter time intervals that occurred seasonally or inter-
saur bones and skeletons have been recovered in many paittently.
of the Western Interior and from much of the vertical thick-
ness of the formation, notable changes in the dinosaur fauna ) ) o
occurred near the middle of the formation and correlate with DUring the earliest stages of deposition of the lower

the distinct paleosol zone and the change in clay mineraldggrison (Windy Hill Member and correlative strata), a sea-
(Turner and Peterson, in preparation). way that was an arm of the ancestral Pacific Ocean extended

Radiometric dating shows that the Morrison was depo%@St across Wyoming and into adjacent parts of Montana, the

ited 155—147 million years ago (Kowallis and others, in pre@@kotas, Nebraska, northern Colorado and northern Utah.
). Deposition stopped some 6 million years before the closd @fther south in southeastern Utah and in western and east-
the Jurassic Period, which ended approximately 141 milli§f? Colorado, gypsum in the Tidwell Member and correlative
years ago. Ralston Creek Formation was precipitated as evaporite de-
Because of continental drift, the Western Interior depo&0Sits in hypersaline lagoons at the margin of the seaway
tional basin was about 650 km (400 mi) farther south thgpeterson and Turner, in press). _
today. This places the present-day Four Corners near the lati- SUPSequently, the seaway retreated to the northwest into
tude of the southern border of Arizona (Parrish and othefr@nada and streams that drained upland regions west of the
1982). Data from other workers who deal with climate on'¥estern Interior carried gravel, sand, and mud (represented
global scale suggest that the Earth was warmer than tolf§g€!y by the Salt Wash Member) into the depositional basin,
(for example, polar ice caps probably were absent: HaIIa'i’i‘r',"d'ng up an extensive alluvial plain. In central Colorado,
1982). Stable isotopes in carbonate nodules from Morrisrfttered low hills that were remnants of the ancestral Rockies
paleosols indicate a significantly higher carbon dioxide cofy€re sufficiently high to support small streams that furnished
tent in the atmosphere than at present (Cerling and othg?g‘?‘l stream deposits unrelated to the Salt Wash fluvial sys-
1996 Ekart and Cerling, 1997). Because carbon dioxide i€q- Small lakes and ponds also developed locally on the
significant “greenhouse” gas, this, as well as the more so uvial plain as well as in the most distal regions in eastern
erly latitude of the region, suggests that the climate in th@orado and eastern Wyoming. The more distal lake depos-
Western Interior was appreciably warmer than today. its yield charophytes, .stromato!ltes, oncolites, sponge spicules,
During the Late Jurassic, a volcanic mountain chain sinfiollusks, and rare fish remains (Dunagan, 1997; Dunagan

lar to the present-day Andes existed along the west coas®®f Others, 1996). , ,

North America more or less along California’s border with ~PUring times when the streams dried up in the Colorado
Arizona and Nevada. Another highland or possibly mouRlateau region, winds from the west and southwest removed
tainous range lay farther inland roughly along the Nevagsand-sized material from the dry stream beds and deposited it

Utah state line. The nature of the terrain between these f@gher downwind in extensive dune fields that covered large
areas is unclear but it probably included a small numberR§i'ts of the Four Corners area. These deposits are represented
scattered volcanoes. today by the Bluff Sandstone and Junction Creek Sandstone

Farther east lay the vast Western Interior lowland mal}ﬂembers as well as the eoIiar_1 sandstone facies of t_he Recap-
on which the Morrison Formation was deposited. The inlaff® Member. Smaller dune fields also were established far-
plain extended from Arizona and New Mexico northward f§€" north in northern Utah, northwestern Colorado, Wyo-

DEPOSITION OF THE MORRISON FORMATION
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ming, and South Dakota (Unkpapa Sandstone Member)thgt, instead, the life forms were well adapted to a relatively
deflation of previously deposited shallow marine sands. dry and perhaps somewhat hostile environment.

During deposition of the upper part of the Morrison For- The ecosystem of the Morrison depositional system was
mation, a large stream complex in the Colorado Plateau geverned in large part by the rain shadow that developed in
gion (Westwater Canyon and Fiftymile Members) gave waytioe lee of the highland areas to the west and was largely influ-
a large shallow saline, alkaline lake called Lake T'oo’dichénced by the availability of fresh surface and near-surface water.
that covered parts of northwestern New Mexico, northeast&ind-blown dunes, evaporites, the nature of the stream and
Arizona, southeastern Utah, and southwestern Colorado dake deposits, together with evidence from the flora, fauna,
ing deposition of much of the Brushy Basin Member and, @nd trace fossils suggest that fresh surface water may have
though much shallower, had about the same areal extenbesn scarce during Morrison deposition.

Lake Michigan (Turner and Fishman, 1991). Judging from Mountainous uplands to the west captured moisture from
similar modern saline, alkaline lakes, the alkalinity of the watdre westerly winds and some of this precipitation fed streams
would have been high enough to cause alkaline burns to that flowed eastward across the alluvial plain and also fed
man skin. Development of the lake attests to the aridity of tinederground aquifers that controlled the water table beneath
time, as evaporation must greatly exceed precipitation ahe alluvial plain. Large alluvial complexes in the Morrison
runoff to achieve the alkalinities and salinities recorded in tf\/estwater Canyon and Salt Wash Members) attest to the de-
deposits of the ancient lake. The lake was fed by surface walopment of major eastward-flowing streams. Subsequently
ter from intermittent and perennial streams, but ground waafter burial), these alluvial complexes probably also served
was also an important component of lake hydrology. At timas major aquifers within the depositional basin. Whether these
when the lake dried out to form a large pan or salina, flastteams and other more isolated stream channels in the
floods carried sand well out into the lake basin. ThroughdJbrrison were perennial or ephemeral is an important aspect
most of Morrison time, shallow carbonate-dominated lake§ecosystem reconstruction. Local presence of unionid clams
developed east and north of the present-day Front Ranginafome stream beds indicate that at least these streams were
the Rocky Mountains (Dunagan and others, 1996, 1997). perennial in nature because the larval stage of unionid clams

Toward the end of Morrison deposition, large fluvial comattaches onto the gills of fish, which only live in perennial
plexes including the Jackpile Sandstone Member were locatyeams (S.C. Good, oral commun., 1997). Crayfish burrows
established because of renewed uplift in the highlands winstt occur in beds adjacent to stream channels offer clues to
and southwest of the Western Interior. Increased precipitiae nature of the streams as well, because crayfish must bur-
tion, especially in the highlands (Bassett and Busby, 1997w down to the water table to survive. Crayfish burrows that
probably was responsible for the renewed stream activityeatend downward into sandstone near the stream channels in
this time. the Morrison indicate that the water table was below the level

Wetter conditions toward the end of Morrison depositioof the stream, a condition consistent with effluent streams
is supported by scattered black mudstone beds near the tophare the streams are feeding the water table (S.T. Hasiotis,
the formation in scattered localities from the Colorado Frootal commun., 1998). This situation is consistent with streams
Range foothills to Montana. Abundant carbonaceous mubat develop in a semi-arid to arid climate.
stone and extensive coal beds in the upper part of the Morrison Another indication of the semi-arid to arid climate is the
in central Montana suggest greater precipitation and a teassociation of large dune fields adjacent to the Salt Wash flu-
perate climate in the northern part of the Western Interigal complex. The interfingering of fluvial and eolian depos-
plain. The northward or latitudinal temperature gradient its suggests that at times the streams were dry, and winds car-
also supported by a northward increase in charophytes (lacied the sand from the exposed stream beds and deposited it in
trine green algae) that prefer cool waters and a correspondidgacent dune fields. Locally, termite nests occur in the eo-
decrease in charophytes that prefer warm waters (Schuddiek, deposits. Because termites burrow down to the down to
1996). capillary fringe above the water table, the vertical extent of

Morrison deposition ended with thick soil developmernhe nests is an indicator of the depth to the water table. Some
although the soil was partly or entirely removed in many placasthese nests extend as much as 40 m (130 ft) below the
during the succeeding erosion event or by scour that accgraleoland surface in the lower part of the formation in the
panied deposition of lowermost Cretaceous fluvial strata (T.8buthern San Juan Basin of northwestern New Mexico
Demko, oral commun., 1996). (Hasiotis, 1997). This observation requires that the water table
there was at least 40 m (130 ft) beneath the surface.
PALEOECOLOGY .

) ) ] ) . Another clue to the nature of the streams derives from the

A variety of life forms lived in the Morrison ecosystemp gy re of lake deposits in the Morrison. Development of Lake
from the glaqt herb|v0.rous sauropods to small IacusFrlne "f‘lbo'dichi’ (Turner and Fishman, 1991), an extensive saline,
gae. These include dinosaurs, small mammals, reptiles, afajine lake, required that evaporation far exceeded precipi-
phibians, fish, sponges, arthropods, mollusks, and a varietygfon and runoff. This suggests that fresh-water replenish-
veg_etanon from large trees to algae. T_he diversity qf life forr_HTcent of the lake by streams (either perennial and/or ephem-
at first suggests that an equable climate prevailed durigQy was not enough to dilute the lake brines. Lack of diver-
Morrison time, but reconstruction of the ecosystem suggegﬁ, but high abundance of trace fossils in these lake sedi-
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ments (S.T. Hasiotis, oral commun., 1998), which is typicaparian. The death assemblages of the dinosaurs probably
of a harsh or highly stressed environment, confirms the hatsh us more about the conditions of stress and drought than
conditions implied by the high salinities and alkalinities afbout the normal course of events, but in our new interpreta-
Lake T'oo'dichi’. tion, drought may not have been that uncommon.

Taken together, the evidence from the sedimentology; PLANNED RESEARCH AND REMAINING QUESTIONS
saline, alkaline lake geochemistry; isotopic data; body fossils; .
and trace fossils suggests that some of the Morrison streams” POPUlar publication is planned that attempts to capture
were probably perennial but that many were probably ephedid Pring to life for the general public the extinct ecosystems
eral and may have experienced substream flow, resulting®frfh€ giant herbivorous dinosaurs in the Late Jurassic. This
the availability of surface water in the form of water hol¢¥ill be prepared from the scientific synthesis in preparation
much of the time. Streams that were perennial in nature, s{ffhth€ Morrison Extinct Ecosystems Project. The scientific
as the deposits that contain the abundant dinosaur remairY}§hesis is underway and the popular publication will be pre-
the quarry sandstone bed at Dinosaur National Monumépi'ed by Fred Peterson, one of the Principal Investigators of
Utah, may thus have been the exception rather than the rtjl€,Project, under the auspices of the NPS GIP (Geologist-in-
accounting for the concentration of dinosaur skeletons. TH& Park) Program in Dinosaur National Monument. \Work

dinosaurs may have been congregating close to the last [@fith€ popular publication will begin this summer. Prepara-
able stream during a major drought. tion of a geologic history interpretive trail, and recommenda-

tions to improve exhibits at the Monument are also planned.
CONCLUSIONS In the future, it will be possible to prepare the information for
The Morrison landscape was a reflection of the interaather parks in the study area that have Morrison exposures.
tion of surface water, subsurface water, and the moisture cAdditional summary scientific papers are in preparation by
tent of the overlying air mass. All of these were dramaticalpyoject members for publication in the technical literature, in
affected by creation of a rain shadow in the lee of mountaaddition to the ones already published by project members.
ous highlands that lay to the west of the depositional basin. Remaining research areas that need to be addressed in
The Morrison fauna and flora adapted to the availability tfe Morrison Formation include the plant taphonomy, and a
moisture (or lack thereof). better understanding about the distribution of vegetation. Pre-
We envision an environment similar in some respectsliminary studies of the plant taphonomy will begin this sum-
the depositional plain that contains Lake Eyre in Australimer by Judy Parrish, a professor of paleoclimatology at the
The Lake Eyre basin may be more extreme than what we &miversity of Arizona. Additional detailed work on the
vision for the Morrison basin, but interesting parallels exigialeosols would also contribute to our understanding of the
In southern Australia, a coastal mountainous upland captupeseoclimate, especially when tied to the regional sedimentol-
much of the moisture from winds that derive their moistugy and trace fossil data. We also discovered in the course of
from the ocean, leaving the Lake Eyre basin in a severe raior studies that the beginning and end of some range zones of
shadow region, where surface water is scarce and only filme dinosaurs as well as of the microfossils (charophytes,
nished by infrequent storms that enter the region several yamtacodes, spores and pollen) correspond with significant
to several decades apart. The life forms in Lake Eyre are vadlhnges in the sedimentary rock record, such as major hia-
adapted to the dryness and proliferate during times wheses or changes in depositional style. It is possible that both
moisture is temporarily abundant. Some surface and subshe rock record and the biota were changing in response to
face water did enter the Late Jurassic Western Interior baslimatic signals, but further work would be needed to refine
in the form surface runoff from precipitation in the highlandbese ideas. Additional age determinations (both radiometric
farther west and through underground aquifers that were aed paleontologic) of the Morrison in Wyoming would con-
charged from source areas in the highlands. Surface runffute considerably toward our correlations. Paleoclimatic
fed some perennial streams, but many of the streams may amtigrpretations of the spores and pollen would also be an im-
have flowed intermittently. portant contribution to constraining the climatic interpreta-
We suspect that life concentrated around perennial stredaimss for the ecosystems studies.
and near water holes in streams where substream flow oc-
curred. This may explain the concentration of dinosaur bones ) ) o
in the quarry sandstone bed at Dinosaur National Monumd#{SSE™ K., anp C. Bussy. 1997. Intra-arc strike-slip basins in the
a stream deposit that we interpret as perennial in nature. Wind Late Jurassic §9uthern Corqullera. S.trucmral am.j climatic con-
. . . . trols on deposition: Geological Society of America, Abstracts
plown sands; evaporite deposits; saline, alkalln.e lake depqs— With Programs, v. 29, no. 6, p. A-201.
its; and evidence from the trace and body fossils are CONBziinG, T. E., C. L. Mbra, anD D. D. ExarT. 1996. Soils, paleosols,
tent with a much drier interpretation than previously envi- and the history of atmospheric CO2: Geological Society of
sioned for the Morrison ecosystem. This raises questions about America, Abstracts With Programs, v. 28, no. 7, p. A-180.
the amount of vegetation available for the large herbivoré&®py, R. D., R. R. Aperson anp R. M. McKay. 1996. Geology of
and we can only surmise that they were able to range the ba-the Fort Dodge Formation (Upper Jurassic), Webster County,
sin and find enough vegetation to satisfy their food require- lowa: lowa Department of Natural Resources, Geological Sur-
ments. The vegetation was probably mostly, but not entirely V&Y Bureau, Guidebook Series No. 19, 74 p.
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AFTERWORD

A review of currently published scientific articles assocsystem will standardize the referencing of the NPS units and
ated with National Park Service (NPS) areas reveals an facilitate communication between researchers and park man-
consistent use of park abbreviations and acronyms. Authagement. These acronyms are also utilized by park staff in the
frequently utilize some self generated abbreviation to refeuration of park museum collections. The consistent use of
ence a national park within a publication (e.g., GCNP = Graastablished acronyms should also accommodate bibliographic
Canyon NP; PFNP = Petrified Forest NP). These abbreviagarches.
tions can be highly variable and can present some difficulties The standard National Park Service acronyms have been
in communication. incorporated during the preparation of this document and the

The National Park Service has established acronyms fwevious NPS Paleontological Research Volumes. Listed be-
each of the management units including national parks, motaw is an updated list of the acronyms established for most of
ments, historic sites, recreation areas, etc. The use of tltheenational park units that have recognized paleontological
established acronyms in publications is recommended. Tigsources.

AGFO  AGATEFOSSIL BEDS NATIONAL MONUMENT HOVE HOVENWEEP NATIONAL MONUMENT

AMIS  AMISTAD NATIONAL RECREATION AREA HUTR  HUBBELL TRADING POST NATIONAL HISTORIC SITE
ANIA  ANIAKCHAK NA TIONAL MONUMENT ICAG ICE AGE NATIONAL SCIENTIFIC PRESERVE
APPA  APPALACHIAN NATIONAL SCENIC TRAIL INDU  INDIANA DUNES NATIONAL LAKESHORE

ARCH  ARCHES NATIONAL PARK JECA  JEWEL CAVE NATIONAL MONUMENT

ASIS ASSATEAGUE ISLAND NATIONAL SEASHORE JODA  JOHN DAY FOSSIL BEDS NATIONAL MONUMENT
BADL  BADLANDS NATIONAL PARK JOTR JOSIUA TREE NATIONAL MONUMENT

BEOL BENT'S OLD FORT NATIONAL HISTORIC SITE KATM  KATMAI NATIONAL PARK

BELA  BERING LAND BRIDGE NATIONAL PRESERVE KEFJ KENAI FJORDS NATIONAL PARK

BIBE BIG BEND NATIONAL PARK KOVA  KOBUK VALLEY NATIONAL PARK

BICA BIGHORN CANYON NATIONAL RECREATION AREA LACL LAKE CLARK NATIONAL PARK

BISO BIG SOUTH FORK NATIONAL RIVER LAME  LAKE MEAD NATIONAL RECREATION AREA
BLCA  BLACK CANYON OF THE GUNNISON NATIONAL MONUMENT LAMR  LAKE MEREDITH NATIONAL RECREATION AREA
BLRI BLUE RIDGE PARKWAY LABE LAVA BEDS NATIONAL MONUMENT

BRCA  BRYCE CANYON NATIONAL PARK MACA MAMMOTH CAVE NATIONAL PARK

BUFF  BUFFALO NATIONAL RIVER MEVE MESA VERDE NATIONAL PARK

CABR  CABRILLO NATIONAL MONUMENT MOJA  MOJAVE NATIONAL PRESERVE

CACH CANYON DE CHELLY NATIONAL MONUMENT MOCA MONTEZUMAS CASTLE NATIONAL MONUMENT
CANY  CANYONLANDS NATIONAL PARK MOCI  MOUND CITY GROUP NATIONAL MONUMENT
CARE  CAPITOL REEF NATIONAL PARK MORA  MOUNT RAINIER NATIONAL PARK

CACA  CARLSBAD CAVERNS NATIONAL PARK NATR  NATCHEZ TRACE PARKWAY

CEBR  CEDAR BREAKS NATIONAL MONUMENT NABR  NATURAL BRIDGES NATIONAL MONUMENT
CHCU CHACO CULTURE NATIONAL HISTORIC PARK NAVA  NAVAJO NATIONAL MONUMENT

CHIS CHANNEL ISLANDS NATIONAL PARK NERI NEW RIVER GORGE NATIONAL SCENIC RIVER
CHCH CHICKAMAUGA & CHATTANOOGA NATIONAL MILITARY PARK NIOB NIOBRARA NATIONAL SCENIC RIVERWAY

CHIC CHICKASAW NATIONAL RECREATION AREA NOAT  NOATAK NATIONAL PRESERVE

CHOH C & OCANAL NATIONAL HISTORIC PARK NOCA  NORTH CASCADES NATIONAL PARK

COLO COLONIAL NATIONAL HISTORIC PARK OLYM  OLYMPIC NATIONAL PARK

COLM  COLORADO NATIONAL MONUMENT ORCA OREGON CAVES NATIONAL MONUMENT

CRMO CRATERS OF THE MOON NATIONAL MONUMENT OZAR  OZARK NATIONAL SCENIC RIVERWAYS

CUGA CUMBERLAND GAP NATIONAL HISTORICAL PARK PAIS PADRE ISLAND NATIONAL SEASHORE

CURE CURECANTI NATIONAL RECREATION AREA PETE PETERSBURG NATIONAL BATTLEFIELD

DEVA  DEATH VALLEY NATIONAL MONUMENT PEFO PETRIFIED FOREST NATIONAL PARK

DEWA DELAWARE WATER GAP NATIONAL RECREATION AREA PISP PIPE SPRING NATIONAL MONUMENT

DENA  DENALINATIONAL PARK PORE POINT REYES NATIONAL SEASHORE

DETO DEVIL'S TOWER NATIONAL MONUMENT RABR  RAINBOW BRIDGE NATIONAL MONUMENT
DINO  DINOSAUR NATIONAL MONUMENT REDW REDWOOD NATIONAL PARK

DRTO DRY TORTUGAS NATIONAL PARK RICH RICHMOND NATIONAL BATTLEFIELD PARK

FIIS FIRE ISLAND NATIONAL SEASHORE RIGR  RIO GRANDE WILD & SCENIC RIVER

FLFO  FLORISSANT FOSSIL BEDS NATIONAL MONUMENT ROMO ROCKY MOUNTAIN NATIONAL PARK

FONE FORTNECESSITY NATIONAL BATTLEFIELD RUCA  RUSSELL CAVE NATIONAL MONUMENT

FOBU FOSSIL BUTTE NATIONAL MONUMENT SAMO  SANTA MONICA MOUNTAINS NATIONAL RECREATION AREA
GAAR  GATES OF THE ARCTIC NATIONAL PARK SCBL  SCOTT'S BLUFF NATIONAL MONUMENT

GWMP GEORGE WASHINGTON MEMORIAL PARKWAY SACN  STCROIX NATIONAL SCENIC RIVERWAY

GETT  GETTYSBURG NATIONAL MILITARY PARK SEKI SEQUOIA/KINGS CANYON NATIONAL PARKS
GLAC  GLACIER NATIONAL PARK SPAR SPRINGFIELD ARMORY NATIONAL HISTORIC PARK
GLBA  GLACIER BAY NATIONAL MONUMENT THRO THEODORE ROOSEVELT NATIONAL PARK
GLCA  GLEN CANYON NATIONAL RECREATION AREA TICA TIMPANOGOS CAVE NATIONAL MONUMENT
GOGA GOLDEN GATE NATIONAL RECREATION AREA VAFO  VALLEY FORGE NATIONAL HISTORICAL PARK
GRCA  GRAND CANYON NATIONAL PARK VICK  VICKSBURG NATIONAL MILITARY PARK

GRTE  GRAND TETON NATIONAL PARK WACA  WALNUT CANYON NATIONAL MONUMENT
GRBA  GREAT BASIN NATIONAL PARK WHSA  WHITE SANDS NATIONAL MONUMENT

GRSA  GREAT SAND DUNES NATIONAL MONUMENT WICA  WIND CAVE NATIONAL PARK

GRSM  GREATSMOKY MOUNTAINS NATIONAL PARK WRST  WRANGELL-ST ELIAS NATIONAL PARK

GUMO GUADALUPE MOUNTAINS NATIONAL PARK WUPA  WUPATKI NATIONAL MONUMENT

HAFO  HAGERMAN FOSSIL BEDS NATIONAL MONUMENT YELL  YELLOWSTONE NATIONAL PARK

HALE  HALEAKALA NATIONAL PARK YUHO YUCCA HOUSE NATIONAL MONUMENT

HAVO  HAWAII VOLCANOES NATIONAL PARK YUCH YUKON-CHARLEY RIVERS NATIONAL PARK
HOSP  HOT SPRINGS NATIONAL PARK ZION ZION NATIONAL PARK
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INTRODUCTION

Most of what is to be learned about the history of lifAnthony Fiorillo, Ted Fremd, Andrew Heckert, Adrian Hunt,
remains buried within the sediments of the Earth’s crust. F&yn Mader, Allison Mathis, Greg McDonald, Dennis Parmley,
sils preserved in approximately 120 units of the National Palthn Ostrom, and William Wall for their willingness to re-
Service contribute to our understanding of ancient plants, ariew manuscripts. Additional thanks to Dave Shaver, Bob
mals and ecosystems. Parks such as Agate Fossil BedsHiggins, Dave McGinnis, Merry Bacon, Clay Kyte and Bianca
tional Monument, Dinosaur National Monument, Fossil Butt®antucci for their suggestions and support relative to this re-
National Monument, Petrified Forest National Park, were origiearch publication. | am indebted to Lindsay McClelland, the
nally established based upon world-renowned paleontologicateditor of this volume, for the many contributions that help
resources. Many other national parks, such as Arches Heemote the management and protection of paleontological
tional Park, Death Valley National Park, Grand Canyon Neesources in the national parks. Special thanks to Arvid Aase,
tional Park, Yellowstone National Park, were not specificalieasonal paleontologist at Fossil Butte, for spending many
established for the paleontological resources, but contain $murs of precious time during the summer field season to en-
entifically significant fossils. sure this document is high quality.

This third National Park Service paleontological research This volume is dedicated to the many volunteers and pa-
volume compiles 38 articles representing paleontological teentology interns who were funded by the NPS VIP Program,
search in 21 different national parks. The individual repottse NPS Geologic Resources Division Geologist-in-the-Park
reflect a cross-section of the types of paleontological reseaRrbhgram, the Geological Society of America, the Student Con-
activities recently undertaken throughout the National Paskrvation Association Program, and other sources. It is diffi-
System. The contributions of each of the investigators, atut to imagine how the NPS Paleontological Resource Pro-
their research teams are recognized and acknowledged inghésn would have the current level of success without the gen-
volume. erous and enthusiastic contributions of these volunteers.

| am proud to include reports documenting the multi-park-  Finally, through the combined efforts of the men and
based Morrison Ecosystem Project, the fossil bee’s nest at R&tmen already mentioned, along with many others, the NPS
rified Forest National Park, and fossil mollusks from Alcatra2aleontological Resource Program continues to flourish. Many
Island at Golden Gate National Recreation Area. This voésearch questions remain to be explored within the national
ume contains the first reports on paleontological inventoriparks. Likewise, the increasing numbers of paleontological
for Bryce Canyon National Park, Denali National Park, Greimtventories being initiated in parks will certainly uncover clues
Smokey Mountains National Park, Mammoth Cave Nationiliried in sediments and provide for a new and greater under-
Park, and Ozark National Scenic Riverway. Additionally, tretanding of the ancient world. Parks are not merely beautiful
unfortunate story regarding the abolished Fossil Cycad Nard scenic places to visit, they also provide paleontologists
tional Monument is included in this publication. with tremendous research opportunities.

Thanks to Walter Coombs, Donald Corrick, Ann Elder,

Vincent L. Santucci
National Park Service
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As the nation’s principle conservation agency, the Department of Interior has responsibility for most of our nationally
owned public lands and natural and cultural resources. This includes fostering wise use of our land and water
resources, protecting our fish and wildlife, preserving the environmental and cultural values of our national parks and
historical places, and providing for enjoyment of life through outdoor recreation. The department assesses our energy
and mineral resources and works to ensure that their development is in the best interests of all our people. The
department also promotes the goals of the Take Pride in America campaign by encouraging stewardship and citizen
responsibility for the public lands and promoting citizen participation in their care. The department also has a major
responsibility for American Indian reservation communities and for people who live in island territories under U.S.
administration.
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